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Carbon	  sequestration	  in	  unconventional	  reservoirs:	  geophysical,	  geochemical	  and	  
geomechanical	  considerations	  
Natalia	  V.	  Zakharova	  
In	  the	  face	  of	  the	  environmental	  challenges	  presented	  by	  the	  acceleration	  of	  
global	  warming,	  carbon	  capture	  and	  storage,	  also	  called	  carbon	  sequestration,	  may	  
provide	  a	  vital	  option	  to	  reduce	  anthropogenic	  carbon	  dioxide	  emissions,	  while	  
meeting	  the	  world’s	  energy	  demands.	  To	  operate	  on	  a	  global	  scale,	  carbon	  
sequestration	  would	  require	  thousands	  of	  geologic	  repositories	  that	  could	  
accommodate	  billions	  of	  tons	  of	  carbon	  dioxide	  per	  year.	  In	  order	  to	  reach	  such	  
capacity,	  various	  types	  of	  geologic	  reservoirs	  should	  be	  considered,	  including	  
unconventional	  reservoirs	  such	  as	  volcanic	  rocks,	  fractured	  formations,	  and	  
moderate-­‐permeability	  aquifers.	  Unconventional	  reservoirs,	  however,	  are	  
characterized	  by	  complex	  pore	  structure,	  high	  heterogeneity,	  and	  intricate	  
feedbacks	  between	  physical,	  chemical	  and	  mechanical	  processes,	  and	  their	  capacity	  
to	  securely	  store	  carbon	  emissions	  needs	  to	  be	  confirmed.	  
In	  this	  dissertation,	  I	  present	  my	  contribution	  toward	  the	  understanding	  of	  
geophysical,	  geochemical,	  hydraulic,	  and	  geomechanical	  properties	  of	  continental	  
basalts	  and	  fractured	  sedimentary	  formations	  in	  the	  context	  of	  their	  carbon	  storage	  
capacity.	  The	  data	  come	  from	  two	  characterization	  projects,	  in	  the	  Columbia	  River	  
Flood	  Basalt	  in	  Washington	  and	  the	  Newark	  Rift	  Basin	  in	  New	  York,	  funded	  by	  the	  
U.S.	  Department	  of	  Energy	  through	  Big	  Sky	  Carbon	  Sequestration	  Partnerships	  and	  
TriCarb	  Consortium	  for	  Carbon	  Sequestration.	  My	  work	  focuses	  on	  in	  situ	  analysis	  
 
	  
using	  borehole	  geophysical	  measurements	  that	  allow	  for	  detailed	  characterization	  
of	  formation	  properties	  on	  the	  reservoir	  scale	  and	  under	  nearly	  unaltered	  
subsurface	  conditions.	  	  
The	  immobilization	  of	  injected	  CO2	  by	  mineralization	  in	  basaltic	  rocks	  offers	  
a	  critical	  advantage	  over	  sedimentary	  reservoirs	  for	  long-­‐term	  CO2	  storage.	  
Continental	  flood	  basalts,	  such	  as	  the	  Columbia	  River	  Basalt	  Group,	  possess	  a	  
suitable	  structure	  for	  CO2	  storage,	  with	  extensive	  reservoirs	  in	  the	  interflow	  zones	  
separated	  by	  massive	  impermeable	  basalt	  in	  flow	  interiors.	  Other	  large	  igneous	  
provinces	  and	  ocean	  floor	  basalts	  could	  accommodate	  centuries’	  worth	  of	  world’s	  
CO2	  emissions.	  Low-­‐volume	  basaltic	  flows	  and	  fractured	  intrusives	  may	  potentially	  
serve	  as	  smaller-­‐scale	  CO2	  storage	  targets.	  However,	  as	  illustrated	  by	  the	  example	  of	  
the	  Palisade	  sill	  in	  the	  Newark	  basin,	  even	  densely	  fractured	  intrusive	  basalts	  are	  
often	  impermeable,	  and	  instead	  may	  serve	  as	  caprock	  for	  underlying	  formations.	  	  
Hydraulic	  properties	  of	  fractured	  formations	  are	  very	  site-­‐specific,	  but	  
observations	  and	  theory	  suggest	  that	  the	  majority	  of	  fractures	  at	  depth	  remain	  
closed.	  Hydraulic	  tests	  in	  the	  northern	  Newark	  basin	  indicate	  that	  fractures	  
introduce	  strong	  anisotropy	  and	  heterogeneity	  to	  the	  formation	  properties,	  and	  
very	  few	  of	  them	  augment	  hydraulic	  conductivity	  of	  these	  fractured	  formations.	  
Overall,	  they	  are	  unlikely	  to	  provide	  enough	  storage	  capacity	  for	  safe	  CO2	  injection	  
at	  large	  scales,	  but	  can	  be	  suitable	  for	  small-­‐scale	  controlled	  experiments	  and	  pilot	  
injection	  tests.	  
The	  risk	  of	  inducing	  earthquakes	  by	  underground	  injection	  has	  emerged	  as	  
one	  of	  the	  primary	  concerns	  for	  large-­‐scale	  carbon	  sequestration,	  especially	  in	  
 
	  
fractured	  and	  moderately	  permeable	  formations.	  Analysis	  of	  in	  situ	  stress	  and	  
distribution	  of	  fractures	  in	  the	  subsurface	  are	  important	  steps	  for	  evaluating	  the	  
risks	  of	  induced	  seismicity.	  Preliminary	  results	  from	  the	  Newark	  basin	  suggest	  that	  
local	  stress	  perturbation	  may	  potentially	  create	  favorable	  stress	  conditions	  for	  CO2	  
sequestration	  by	  allowing	  a	  considerable	  pore	  pressure	  increase	  without	  carrying	  
large	  risks	  of	  fault	  reactivation.	  Additional	  in	  situ	  stress	  data	  are	  needed,	  however,	  to	  
accurately	  constrain	  the	  magnitude	  of	  the	  minimum	  horizontal	  stress,	  and	  it	  is	  
recommended	  that	  such	  tests	  be	  conducted	  at	  all	  potential	  CO2	  storage	  sites.
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Preface	  
Carbon	  capture	  and	  storage	  (CCS),	  also	  known	  as	  carbon	  sequestration,	  
provides	  a	  vital	  option	  for	  mitigating	  climate	  change	  by	  reducing	  carbon	  dioxide	  
(CO2)	  emissions	  into	  the	  atmosphere.	  The	  most	  effective	  way	  to	  store	  CO2	  is	  to	  inject	  
it	  underground	  into	  natural	  geologic	  reservoirs.	  In	  order	  for	  CCS	  to	  operate	  on	  a	  
global	  scale,	  thousands	  of	  geologic	  repositories	  would	  be	  needed	  worldwide.	  In	  this	  
dissertation,	  I	  focus	  on	  unconventional	  reservoirs,	  such	  as	  basaltic	  rocks	  and	  
fractured	  aquifers,	  which	  may	  not	  only	  significantly	  broaden	  CO2	  storage	  
opportunities,	  but	  in	  some	  cases	  also	  provide	  safer	  storage	  mechanisms.	  
The	  advantage	  of	  sequestering	  carbon	  in	  basaltic	  rocks	  is	  that,	  unlike	  
sedimentary	  formations,	  they	  quickly	  react	  with	  CO2,	  binding	  it	  into	  carbonate	  
minerals	  at	  a	  timescale	  of	  decades	  to	  centuries	  and	  thus	  considerably	  reducing	  the	  
risk	  of	  CO2	  leakage.	  Continental	  flood	  basalts,	  such	  as	  the	  Columbia	  River	  Basalt	  
Group	  in	  the	  U.S,	  may	  be	  particularly	  promising	  due	  to	  large	  volumes	  and	  potentially	  
suitable	  reservoir	  structure.	  In	  the	  first	  two	  chapters	  of	  this	  dissertation,	  I	  present	  
borehole	  geophysical	  and	  geochemical	  analysis	  from	  the	  first	  pilot	  project	  
sponsored	  by	  the	  U.S.	  Department	  of	  Energy	  that	  aims	  at	  assessing	  the	  feasibility	  of	  
CO2	  sequestration	  in	  continental	  flood	  basalts.	  In	  Chapter	  1,	  I	  describe	  flow	  
structures	  and	  petrophysical	  properties	  of	  these	  basalts	  using	  conventional	  
geophysical	  logs	  and	  high-­‐resolution	  borehole	  images.	  These	  results,	  combined	  with	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hydraulic	  testing	  data,	  confirm	  the	  existence	  of	  extensive	  reservoir	  zones	  with	  high	  
porosity	  and	  permeability	  (vesicular	  and	  brecciated	  flow	  tops),	  separated	  by	  
impermeable	  sealing	  layers	  (massive	  basalt	  in	  flow	  interiors).	  In	  Chapter	  2,	  I	  present	  
borehole	  geochemical	  data	  that	  provide	  continuous	  in	  situ	  measurement	  of	  up	  to	  ten	  
major	  and	  minor	  elements	  in	  the	  basalt	  matrix,	  and	  assess	  the	  feasibility	  of	  using	  
borehole	  spectroscopy	  for	  mineralization	  monitoring	  in	  basalt.	  The	  main	  results	  
from	  Chapters	  1	  and	  2	  were	  published	  in	  Geochemistry,	  Geophysics,	  Geosystems	  
[Zakharova	  et	  al.,	  2012].	  
The	  second	  part	  of	  my	  dissertation	  is	  devoted	  to	  mechanical	  and	  hydraulic	  
properties	  of	  fractured	  aquifers	  using	  examples	  from	  the	  Mesozoic	  Newark	  Rift	  
basin.	  Located	  in	  close	  proximity	  to	  the	  New	  York	  Metropolitan	  area	  and	  many	  CO2	  
sources,	  the	  basin	  is	  being	  evaluated	  for	  carbon	  storage	  potential	  by	  the	  TriCarb	  
Sequestration	  Consortium,	  also	  funded	  by	  the	  U.S.	  Department	  of	  Energy.	  In	  Chapter	  
3,	  I	  analyze	  geophysical	  data	  from	  that	  project	  to	  address	  one	  of	  the	  primary	  
concerns	  for	  CO2	  storage	  in	  fractured	  and	  faulted	  reservoirs	  –	  the	  risk	  of	  inducing	  
earthquakes	  by	  CO2	  injection.	  I	  present	  a	  detailed	  analysis	  of	  the	  in	  situ	  state	  of	  
stress	  based	  on	  imaging	  of	  borehole	  failures	  and	  evaluate	  stability	  of	  natural	  
fractures	  under	  elevated	  pore	  pressure	  from	  CO2	  injection.	  The	  results	  suggest	  that	  
considerable	  pore	  pressure	  increase	  is	  permissible	  at	  certain	  depths	  without	  
fracture	  and	  fault	  reactivation.	  This	  work	  was	  published	  in	  Journal	  of	  Geophysical	  
Research:	  Solid	  Earth	  [Zakharova	  and	  Goldberg,	  2014]	  and	  in	  the	  Proceedings	  of	  the	  
47th	  US	  Rock	  Mechanics/Geomechanics	  Symposium	  [Zakharova	  et	  al.,	  2013].	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Having	  established	  favorable	  geomechanical	  conditions,	  the	  next	  step	  was	  to	  
determine	  reservoir	  and	  caprock	  properties	  of	  the	  Newark	  basin’s	  fractured	  
formations.	  In	  Chapter	  4,	  I	  present	  results	  of	  borehole	  hydraulic	  testing	  conducted	  
on	  the	  campus	  of	  Lamont-­‐Doherty	  Earth	  Observatory.	  Despite	  dense	  fracturing	  and	  
relatively	  high	  matrix	  permeability	  determined	  in	  the	  laboratory,	  most	  formations	  
in	  the	  field	  tests	  appeared	  impermeable.	  These	  results	  illustrate	  that	  hydraulic	  
conductivity	  of	  fractured	  formations	  cannot	  be	  predicted	  on	  the	  basis	  of	  fracture	  
properties	  alone,	  and	  emphasize	  the	  importance	  of	  field	  tests	  for	  establishing	  CO2	  
injection	  feasibility.	  This	  analysis	  also	  allowed	  identifying	  conductive	  zones	  for	  two	  
injection	  experiments,	  sponsored	  by	  the	  U.S.	  Environmental	  Protection	  Agency,	  that	  
assessed	  potential	  microbiological	  and	  geochemical	  consequences	  of	  a	  CO2	  leak	  into	  
groundwater	  aquifers.	  Geochemical	  results	  from	  this	  project	  were	  published	  in	  
International	  Journal	  of	  Greenhouse	  Gas	  Control	  [Yang	  et	  al.,	  2014],	  and	  several	  other	  
manuscripts	  by	  the	  project	  team	  are	  currently	  in	  preparation.	  
Petrophysical,	  geochemical,	  geomechanical	  and	  hydrological	  results	  
presented	  in	  these	  four	  chapters	  illustrate	  the	  interdisciplinary	  nature	  of	  the	  
processes	  occurring	  in	  unconventional	  reservoirs,	  and	  demonstrate	  both	  important	  
advantages	  and	  limitations	  for	  carbon	  storage	  in	  basaltic	  rock	  and	  fractured	  
formations.	  In	  the	  final	  discussion,	  I	  interpret	  these	  results	  in	  the	  wider	  context	  of	  
CO2	  sequestration	  potential	  in	  unconventional	  reservoirs,	  and	  make	  some	  








The	  Earth’s	  surface	  has	  become	  successively	  warmer	  in	  the	  last	  three	  
decades,	  each	  warmer	  than	  any	  preceding	  decade	  since	  1850.	  In	  the	  Northern	  
Hemisphere,	  the	  last	  three	  decades	  were	  likely	  the	  warmest	  in	  the	  last	  1400	  years	  
[IPCC,	  2013b].	  Ongoing	  warming	  of	  the	  climate	  system	  is	  now	  unequivocal,	  and	  is	  
attributed	  with	  high	  certainty	  to	  human	  emissions	  of	  greenhouse	  gases,	  especially	  
carbon	  dioxide	  (CO2)	  [IPCC,	  2007b;	  2013a].	  Since	  the	  Industrial	  Revolution,	  CO2	  
concentration	  in	  the	  atmosphere	  has	  increased	  by	  40%.	  In	  May	  2013,	  the	  daily	  
average	  surpassed	  the	  400-­‐ppm	  for	  the	  first	  time	  in	  over	  50	  years	  of	  observations,	  
and	  likely	  in	  the	  last	  2.5	  million	  years	  of	  the	  Earth’s	  climatic	  record	  [e.g.,	  Jones,	  
2013].	  The	  predominant	  source	  of	  CO2	  emissions	  is	  the	  combustion	  of	  fossil	  fuels,	  
such	  as	  coal,	  oil,	  and	  natural	  gas.	  An	  abundant	  and	  relatively	  cheap	  source	  of	  energy,	  
they	  are	  projected	  to	  continue	  to	  constitute	  around	  80%	  of	  the	  world’s	  energy	  
supply	  in	  2025–2030	  [IPCC,	  2007a].	  In	  turn,	  energy-­‐related	  CO2	  emissions	  are	  
projected	  to	  rise	  by	  20%	  by	  2035,	  keeping	  the	  world	  on	  a	  trajectory	  to	  a	  long-­‐term	  
average	  temperature	  increase	  over	  3	  °C	  [IEA,	  2013].	  Given	  the	  high	  environmental	  
and	  societal	  risks	  associated	  with	  such	  rapid	  global	  warming	  (e.g.,	  sea	  level	  rise,	  





resources,	  etc.),	  the	  situation	  calls	  for	  a	  dramatic	  reduction	  of	  anthropogenic	  CO2	  
emissions.	  	  
A	  portfolio	  of	  mitigation	  measures	  will	  be	  needed	  to	  reduce	  CO2	  emissions	  
while	  meeting	  the	  world’s	  energy	  demand,	  and	  one	  of	  the	  vital	  technologies	  is	  
carbon	  capture	  and	  storage	  (CCS)	  [IPCC,	  2007a;	  Pacala	  and	  Socolow,	  2004].	  CCS	  is	  a	  
process	  of	  collecting	  CO2	  emissions	  from	  large	  anthropogenic	  sources,	  such	  as	  
power	  plants,	  or	  directly	  from	  the	  air,	  and	  sequestering	  it	  for	  permanent	  storage	  
(Figure	  1)	  [IPCC,	  2005;	  Lackner,	  2003].	  With	  the	  modern	  economy	  strongly	  relying	  
on	  burning	  fossil	  fuels	  for	  energy	  production,	  CCS	  can	  provide	  an	  effective	  emission-­‐
reducing	  ‘bridge’	  technology,	  allowing	  time	  for	  industrial-­‐scale	  implementation	  of	  
zero-­‐	  or	  low-­‐carbon	  energy	  systems.	  Moreover,	  if	  capturing	  CO2	  directly	  from	  the	  air	  
becomes	  economically	  viable	  [Lackner,	  2009],	  CCS	  would	  not	  only	  allow	  reducing	  





the	  amount	  of	  future	  CO2	  emissions	  but	  could	  even	  decrease	  CO2	  concentration	  
below	  the	  current	  level	  by	  capturing	  past	  emissions.	  	  
Among	  the	  different	  CO2	  sequestration	  options,	  geologic	  storage,	  which	  
involves	  injecting	  captured	  and	  compressed	  CO2	  underground,	  is	  the	  most	  mature	  
and	  reliable	  storage	  method	  to	  date	  [IPCC,	  2005;	  Lackner,	  2003].	  In	  general,	  geologic	  
storage	  formations	  must	  meet	  two	  essential	  conditions.	  First,	  there	  must	  be	  a	  layer	  
with	  high	  porosity	  and	  permeability	  (a	  reservoir)	  that	  is	  capable	  of	  accommodating	  
large	  volumes	  of	  CO2.	  Second,	  since	  CO2	  is	  buoyant	  relative	  to	  formation	  water,	  there	  
must	  be	  an	  overlaying	  impermeable	  layer	  (a	  caprock)	  that	  would	  prevent	  CO2	  from	  
leaking	  upward	  into	  shallow	  ground	  water	  and	  the	  atmosphere.	  Conventional	  
candidates	  with	  the	  highest	  storage	  potential	  are	  deep	  saline	  aquifers	  and	  depleted	  
hydrocarbon	  reservoirs,	  commonly	  found	  in	  large	  sedimentary	  basins	  [e.g.,	  Bachu,	  
2008].	  Globally,	  they	  are	  estimated	  to	  have	  a	  storage	  capacity	  on	  the	  order	  of	  103-­‐
104	  Gt	  of	  CO2,	  enough	  to	  sequester	  hundreds	  of	  years	  worth	  of	  anthropogenic	  CO2	  
emissions	  [IPCC,	  2005].	  In	  such	  sedimentary	  reservoirs,	  however,	  the	  main	  CO2	  
trapping	  mechanisms	  are	  structural	  trapping	  by	  impermeable	  caprock	  and	  
dissolution	  in	  the	  formation	  water	  (Figure	  2).	  Injected	  CO2,	  therefore,	  remains	  
mobile	  for	  hundreds	  to	  thousands	  of	  years,	  continuously	  posing	  the	  risk	  of	  leakage	  
and	  raising	  questions	  about	  the	  feasibility	  and	  cost	  of	  long-­‐term	  monitoring	  and	  
accounting.	  A	  much	  safer	  and	  reliable	  alternative	  is	  sequestering	  CO2	  by	  in	  situ	  
carbonation,	  i.e.	  mineral	  trapping	  and	  immobilization	  of	  injected	  CO2	  in	  the	  form	  of	  





most	  sedimentary	  formations	  [e.g.,	  Xu	  et	  al.,	  2004;	  2005],	  but	  have	  been	  shown	  to	  
happen	  much	  faster	  in	  igneous	  rocks,	  making	  them	  a	  promising	  target	  for	  CO2	  
storage	  [e.g.,	  Gunter	  et	  al.,	  1993;	  Matter	  and	  Kelemen,	  2009;	  Schaef	  et	  al.,	  2010].	  
Figure	  2.	  CO2	  trapping	  mechanisms	  and	  their	  approximate	  timing	  in	  sedimentary	  
formations	  [IPCC,	  2005].	  
	  
Mineral	  carbonation	  and	  CO2	  storage	  in	  basalt	  
Mineral	  trapping	  occurs	  as	  a	  series	  of	  reactions	  between	  the	  injected	  CO2,	  the	  
formation	  water,	  and	  the	  rock	  matrix,	  and	  includes	  three	  major	  steps:	  1)	  the	  
dissolution	  of	  CO2	  in	  formation	  water	  produces	  weak	  carbonic	  acid,	  2)	  acidic	  waters	  
react	  with	  carbonate	  or	  silicate	  minerals	  in	  the	  rock	  matrix	  to	  form	  bicarbonate	  
ions,	  3)	  bicarbonate	  ions	  combine	  with	  calcium	  (Ca),	  magnesium	  (Mg)	  and	  iron	  (Fe)	  





[Matter	  and	  Kelemen,	  2009].	  Hence,	  aquifers	  containing	  mafic	  silicate	  minerals	  with	  
a	  high	  proportion	  of	  Mg	  and	  Ca,	  such	  as	  olivine,	  serpentine,	  pyroxenes,	  and	  
plagioclase,	  have	  the	  greatest	  potential	  to	  bind	  CO2	  into	  carbonates.	  Those	  minerals	  
are	  primarily	  found	  in	  basalt	  and	  peridotite.	  Peridotite,	  which	  contains	  40-­‐50	  wt%	  
of	  Mg,	  Ca,	  and	  Fe	  oxides	  (compared	  to	  20-­‐25	  wt%	  in	  basalt),	  has	  the	  highest	  
reactivity	  with	  CO2	  [Matter	  and	  Kelemen,	  2009].	  Peridotite,	  dominant	  in	  the	  Earth’s	  
mantle,	  however,	  has	  a	  limited	  occurrence	  in	  the	  Earth’s	  crust,	  and	  is	  characterized	  
by	  extremely	  low	  porosity	  and	  permeability,	  making	  large-­‐volume	  CO2	  injection	  
challenging,	  unless	  a	  sustained	  fracturing	  can	  be	  achieved	  during	  injection	  [Kelemen	  
and	  Matter,	  2008].	  Basaltic	  rocks,	  on	  the	  contrary,	  represent	  one	  of	  the	  most	  
common	  rock	  types	  in	  the	  Earth’s	  crust,	  and	  a	  number	  of	  recent	  studies	  have	  
suggested	  that	  basaltic	  formations	  possess	  suitable	  reservoir	  structure	  and	  high	  
reaction	  rates	  for	  secure	  CO2	  storage	  [e.g.,	  Goldberg	  et	  al.,	  2010;	  Goldberg	  et	  al.,	  
2008;	  Matter	  et	  al.,	  2009;	  McGrail	  et	  al.,	  2006].	  	  
Carbonation	  of	  basaltic	  rocks	  is	  naturally	  occurring	  in	  a	  variety	  of	  settings,	  
such	  as	  hydrothermal	  alteration	  at	  volcanic	  hot	  springs	  and	  through	  surface	  
weathering.	  Dessert	  et	  al.	  [2003]	  estimated	  that	  30-­‐35%	  of	  the	  present-­‐day	  CO2	  
consumption	  due	  to	  silicate	  weathering	  on	  land	  can	  be	  attributed	  to	  basaltic	  rocks,	  
although	  they	  cover	  less	  than	  5%	  of	  the	  overall	  continental	  area.	  Experimental	  
studies	  of	  basalt	  dissolution	  and	  carbonation	  also	  suggest	  high	  reaction	  rates	  with	  
CO2,	  especially	  for	  basaltic	  glasses	  [Gislason	  and	  Oelkers,	  2003;	  Matter	  and	  Kelemen,	  





carbonate	  precipitated	  start	  to	  form	  after	  just	  a	  few	  weeks	  of	  basalt	  exposure	  to	  CO2	  
[Schaef	  et	  al.,	  2009;	  2010;	  2011].	  In	  one	  of	  the	  first	  field-­‐scale	  tests	  currently	  
underway	  in	  Iceland,	  100%	  CO2	  mineral	  capture	  is	  predicted	  within	  10	  years	  for	  a	  
small	  (1200-­‐tonnes)	  pilot	  injection,	  and	  ~80%	  capture	  over	  100	  years	  for	  a	  full-­‐
scale	  400,000-­‐tonnes	  CO2	  injection	  [Aradóttir	  et	  al.,	  2012].	  Thus,	  natural	  analogs,	  
experimental	  data	  and	  modeling	  results	  indicate	  that	  basaltic	  rocks,	  unlike	  
sedimentary	  formations,	  have	  extremely	  high	  potential	  to	  sequester	  CO2	  by	  mineral	  
carbonation	  at	  a	  timescale	  of	  decades	  to	  centuries.	  
In	  addition	  to	  high	  CO2-­‐mineralization	  rates,	  basaltic	  rocks	  have	  a	  
widespread	  occurrence	  both	  on	  the	  seafloor	  (where	  they	  make	  up	  the	  majority	  of	  
the	  oceanic	  crust)	  and	  in	  the	  large	  igneous	  provinces	  (LIPs)	  on	  land,	  mainly	  in	  the	  
form	  of	  continental	  flood	  basalts	  and	  on	  volcanic	  passive	  margins	  (Figure	  3)	  [Bryan	  
and	  Ferrari,	  2013].	  Individual	  LIPs	  have	  tremendous	  volumes	  and	  consist	  of	  
multiple	  flows	  with	  an	  areal	  extent	  over	  105	  km2.	  The	  majority	  of	  flows	  have	  
vesicular	  to	  brecciated	  outer	  regions	  formed	  by	  rapid	  cooling	  and	  degassing,	  and	  
massive	  slowly	  cooled	  flow	  interiors.	  The	  porous	  flow	  boundary	  zones	  may	  provide	  
ample	  reservoir	  space	  for	  CO2	  storage,	  while	  impermeable	  flow	  interiors	  may	  serve	  
as	  effective	  caprock.	  Hence,	  many	  of	  the	  LIP	  basalts	  are	  projected	  to	  have	  large	  
storage	  capacity,	  favorable	  reservoir	  structure	  and	  high	  mineralization	  rates	  for	  
secure	  CO2	  sequestration	  [Goldberg	  et	  al.,	  2010;	  McGrail	  et	  al.,	  2006].	  However,	  a	  
systematic	  and	  quantitative	  evaluation	  of	  basaltic	  formations	  as	  a	  potential	  geologic	  





acquired	  geophysical	  data	  from	  the	  North	  American	  LIPs	  to	  advance	  our	  
understanding	  of	  their	  potential	  for	  storing	  anthropogenic	  CO2	  emissions.	  
Two	  large	  igneous	  provinces	  are	  found	  in	  the	  United	  States:	  the	  continental	  
flood	  basalts	  of	  the	  Columbia	  River	  Plateau	  and	  the	  Snake	  River	  Plain	  on	  the	  West	  
Coast,	  and	  the	  extrusive	  and	  intrusive	  complexes	  of	  the	  Central	  Atlantic	  Magmatic	  
Province	  on	  the	  East	  coast	  (Figure	  3).	  The	  Columbia	  River	  Basalt	  Group	  (CRBG),	  the	  
smallest	  and	  the	  youngest	  LIP	  on	  the	  planet	  [Bryan	  and	  Ferrari,	  2013],	  is	  the	  most	  
extensively	  studied	  in	  the	  context	  of	  carbon	  sequestration	  [McGrail	  et	  al.,	  2006;	  
McGrail	  et	  al.,	  2011;	  Schaef	  and	  McGrail,	  2009;	  Schaef	  et	  al.,	  2009;	  2010;	  2011].	  
McGrail	  et	  al.	  [2006]	  evaluated	  the	  CO2	  storage	  potential	  of	  the	  CRBG	  to	  exceed	  100	  
Gt	  of	  CO2,	  enough	  to	  store	  the	  CO2	  emissions	  of	  northwestern	  US	  for	  decades.	  Since	  
2007,	  the	  Columbia	  River	  Basalt	  Group	  (CRBG)	  has	  been	  chosen	  by	  one	  of	  the	  U.S.	  
Department	  of	  Energy	  Regional	  Carbon	  Sequestration	  Partnerships	  for	  a	  pilot	  field	  
study	  in	  order	  to	  evaluate	  the	  feasibility	  of	  sequestering	  supercritical	  CO2	  in	  deep	  
flood	  basalt	  formations	  [McGrail	  et	  al.,	  2011].	  An	  extensive	  characterization	  
program	  has	  been	  carried	  out,	  including	  drilling	  a	  pilot	  borehole	  over	  1	  km	  deep	  in	  
southeastern	  Washington,	  named	  the	  Wallula	  Pilot	  borehole	  [Schaef	  et	  al.,	  2009].	  As	  
one	  of	  the	  boreholes	  with	  detailed	  characterization	  in	  the	  deep	  continental	  flood	  
basalts,	  the	  Wallula	  Pilot	  offers	  a	  unique	  chance	  to	  improve	  our	  understanding	  of	  
petrophysical,	  hydrologic,	  and	  geochemical	  properties	  of	  these	  basaltic	  rocks,	  and	  
their	  potential	  for	  carbon	  storage.	  In	  Chapters	  1and	  2	  of	  this	  dissertation,	  I	  utilize	  





two	  most	  pertinent	  questions	  for	  CO2	  storage	  in	  basalt:	  reservoir	  and	  sealing	  
structures	  of	  the	  flood	  basalt	  flows,	  and	  in	  situ	  measuring	  techniques	  for	  
geochemical	  composition	  and	  mineralization	  monitoring.	  
The	  Central	  Atlantic	  Magmatic	  Province	  (CAMP)	  was	  one	  of	  the	  most	  
voluminous	  LIPs	  at	  the	  time	  of	  its	  formation	  (~200	  Ma)	  but	  is	  now	  preserved	  in	  
dispersed	  flows,	  dikes	  and	  sills	  on	  four	  different	  continents	  (North	  and	  South	  
America,	  Africa	  and	  Eurasia)	  (Figure	  3)	  [e.g.,	  Marzoli	  et	  al.,	  1999].	  Many	  intrusive	  
and	  extrusive	  CAMP	  basalts	  are	  found	  in	  the	  Mesozoic	  rift	  basins	  along	  the	  US	  
eastern	  coast.	  One	  of	  the	  first	  in	  situ	  studies	  of	  CO2-­‐water-­‐rock	  interactions	  in	  basalt	  
conducted	  by	  Matter	  et	  al.	  [2007]	  in	  the	  Palisade	  sill	  and	  adjacent	  metasedimentary	  
rocks	  of	  the	  Newark	  basin	  confirmed	  rapid	  reaction	  rates	  sufficient	  for	  safe	  and	  
permanent	  CO2	  storage.	  Using	  examples	  from	  the	  Newark	  and	  Sandy	  Hook	  rift	  
basins,	  Goldberg	  et	  al.	  [2010]	  demonstrated	  that	  some	  CAMP	  flows	  have	  suitable	  
reservoir	  structure	  for	  CO2	  storage,	  and	  may	  potentially	  hold	  up	  to	  900	  Mt	  of	  CO2	  in	  
a	  single	  basin.	  These	  preliminary	  studies	  suggested	  high	  potential	  of	  the	  Mesozoic	  
rift	  basins	  for	  CO2	  storage	  but	  highlighted	  a	  need	  for	  more	  detailed	  characterization	  
studies.	  In	  Chapters	  3	  and	  4	  of	  this	  dissertation,	  I	  present	  results	  from	  three	  new	  
boreholes	  in	  the	  northern	  part	  of	  the	  Newark	  basin	  that	  improve	  our	  understanding	  
of	  reservoir	  and	  sealing	  properties	  of	  the	  Palisade	  sill	  (part	  of	  CAMP	  intrusives)	  and	  





































































Role	  of	  fractures	  in	  underground	  reservoirs	  
Fractures	  are	  ubiquitous	  features	  in	  basaltic	  rocks,	  as	  well	  as	  in	  many	  
sedimentary	  formations.	  Due	  to	  the	  high	  diversity	  and	  variability	  in	  their	  properties,	  
fractures	  introduce	  additional	  challenges	  to	  CO2	  reservoir	  characterization	  and	  
modeling.	  They	  can	  serve	  as	  both	  hydraulic	  conductors	  and	  flow	  barriers,	  and	  may	  
significantly	  change	  behavior	  in	  response	  to	  changing	  reservoir	  conditions,	  such	  as	  
pore	  pressure	  perturbations,	  mineralization/dissolution	  reactions,	  etc.	  In	  the	  
context	  of	  CO2	  storage,	  fractures	  are	  often	  considered	  as	  potential	  leakage	  pathways	  
through	  caprock	  that	  may	  compromise	  CO2	  containment.	  On	  the	  other	  hand,	  in	  
formations	  with	  low	  matrix	  porosity	  fractures	  may	  contribute	  significantly	  to	  the	  
reservoir	  storage	  capacity.	  Despite	  many	  recent	  advances	  in	  describing	  the	  behavior	  
of	  fractured	  formations,	  few	  universal	  rules	  apply,	  and	  the	  need	  for	  site-­‐specific	  
characterization	  is	  widely	  recognized	  [e.g.,	  CFCFF,	  1996;	  Nelson,	  2001].	  In	  Chapters	  
3	  and	  4	  of	  this	  dissertation,	  I	  present	  two	  case	  studies	  for	  fractured	  aquifers	  in	  the	  
Newark	  basin	  that	  address	  two	  crucial	  aspects	  of	  fracture	  characterization:	  their	  
hydraulic	  properties	  and	  mechanical	  stability.	  	  
Along	  with	  hydraulic	  properties,	  that	  control	  reservoir	  storage	  capacity	  and	  
caprock	  leakage	  risks,	  mechanical	  stability	  of	  storage	  formations	  is	  likely	  to	  become	  
one	  of	  the	  primary	  screening	  criteria	  for	  CO2	  storage	  sites	  [Zoback	  and	  Gorelick,	  
2012].	  With	  only	  a	  few	  large-­‐scale	  sequestration	  projects	  underway	  worldwide,	  
little	  observational	  data	  are	  available	  about	  the	  risk	  of	  induced	  seismicity	  from	  





earthquakes	  in	  the	  continental	  United	  States	  and	  worldwide	  are	  being	  attributed	  to	  
human	  activities	  that	  involve	  other	  types	  of	  underground	  fluid	  injections	  (Figure	  4)	  
[Keranen	  et	  al.,	  2013;	  Kim,	  2013].	  The	  largest	  and	  most	  numerous	  reports	  of	  induced	  
seismicity	  to	  date	  have	  been	  related	  to	  wastewater	  injection	  and	  water	  flooding	  for	  
secondary	  recovery	  in	  oil	  and	  gas	  production	  (up	  to	  magnitude	  M=7),	  followed	  by	  
waste-­‐water	  disposal	  and	  geothermal	  energy	  production	  (M≤4.6)	  [NAS,	  2012].	  
Analysis	  of	  these	  events	  suggests	  that	  the	  net	  injected	  volume	  is	  one	  of	  the	  key	  
factors	  that	  increase	  the	  risk	  of	  induced	  seismicity	  [McGarr,	  2012].	  Pacala	  and	  
Socolow	  [2004]	  estimated	  that	  in	  order	  to	  operate	  on	  a	  global	  scale,	  carbon	  
sequestration	  would	  require	  thousands	  of	  geologic	  repositories	  accommodating	  
about	  3.5	  billion	  tons	  of	  CO2	  per	  year.	  Therefore,	  with	  prolonged	  injections	  of	  large	  
volumes	  of	  CO2,	  geologic	  carbon	  storage	  is	  projected	  to	  have	  high	  potential	  for	  
triggering	  seismic	  events	  [NAS,	  2012].	  	  
The	  major	  seismic	  risk	  associated	  with	  geologic	  CO2	  storage	  comes	  from	  the	  
possibility	  of	  reactivation	  of	  preexisting	  faults	  and	  fractures	  due	  to	  an	  increase	  in	  
pore	  pressure	  in	  the	  vicinity	  of	  the	  injection	  zone	  [Zoback	  and	  Gorelick,	  2012].	  Faults	  
and	  fractures	  are	  pervasively	  present	  in	  the	  Earth’s	  crust	  at	  many	  different	  scales	  
and	  orientations.	  Intraplate	  earthquakes	  occurring	  away	  from	  active	  tectonic	  zones	  
indicate	  that	  the	  crust	  is	  critically	  stressed,	  i.e.	  nearly	  everywhere	  in	  the	  continental	  
crust	  a	  subset	  of	  preexisting	  faults	  may	  potentially	  be	  active	  [Sperner	  et	  al.,	  2003].	  
Pore	  pressure	  increase	  caused	  by	  an	  underground	  injection	  has	  the	  potential	  to	  





slip.	  For	  geologic	  carbon	  storage,	  even	  small	  induced	  earthquakes	  that	  may	  not	  be	  
felt	  or	  cause	  damage	  on	  the	  surface	  present	  a	  concern	  because	  they	  can	  threaten	  the	  
seal	  integrity	  of	  the	  natural	  reservoir	  structures	  and	  may	  compromise	  CO2	  
containment	  [Barton	  et	  al.,	  2009;	  Zoback	  and	  Gorelick,	  2012].	  Thus,	  determining	  the	  
in	  situ	  stress	  field	  and	  the	  distribution	  of	  fractures	  and	  faults	  at	  CO2	  storage	  sites	  
represent	  important	  steps	  for	  site	  screening	  and	  injection	  planning.	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Petrophysical	  Properties	  of	  Columbia	  River	  Flood	  Basalt:	  
Implications	  for	  Carbon	  Sequestration	  
Abstract	  
This	  chapter	  presents	  borehole	  geophysical	  data	  and	  sidewall	  core	  analysis	  
from	  the	  Wallula	  Pilot	  Sequestration	  Project	  in	  the	  Columbia	  River	  flood	  basalt.	  The	  
wireline	  logging	  data	  were	  reprocessed,	  core-­‐calibrated,	  and	  interpreted	  in	  the	  
framework	  of	  reservoir	  and	  seal	  characterization	  for	  carbon	  dioxide	  storage.	  The	  
Wallula	  borehole	  intersected	  26	  flows	  from	  7	  members	  of	  the	  Grande	  Ronde	  
formation.	  The	  logging	  data	  demonstrate	  a	  cyclic	  pattern	  of	  sequential	  basalt	  flows	  
with	  alternating	  porous	  flow	  tops	  (potential	  reservoirs)	  and	  massive	  flow	  interiors	  
(potential	  caprock).	  The	  log-­‐derived	  apparent	  porosity	  is	  extremely	  high	  in	  the	  flow	  
tops	  (20%-­‐45%),	  and	  considerably	  overestimates	  effective	  porosity	  obtained	  from	  
hydraulic	  testing.	  The	  flow	  interiors	  are	  characterized	  by	  apparent	  porosity	  of	  0	  to	  
8%	  but	  appear	  pervasively	  fractured	  in	  borehole	  images.	  Electrical	  resistivity	  
images	  show	  diverse	  volcanic	  textures	  and	  provide	  an	  excellent	  tool	  for	  fracture	  
analysis,	  but	  neither	  fracture	  density	  nor	  log-­‐derived	  porosity	  uniquely	  correlate	  





hydraulic	  data	  indicate	  that	  porous	  flow	  tops	  in	  these	  deep	  flood	  basalts	  may	  offer	  
reservoirs	  with	  high	  mineralization	  rates,	  long	  leakage	  migration	  paths,	  and	  thick	  
sections	  of	  caprock	  for	  CO2	  storage,	  but	  a	  more	  extensive	  multi-­‐well	  
characterization	  would	  be	  necessary	  to	  assess	  lateral	  variations	  and	  establish	  
sequestration	  capacity	  of	  the	  Columbia	  River	  flood	  basalt.	  
1.	  Background	  
1.1	  Regional	  setting	  
The	  Columbia	  River	  Basalt	  Group	  (CRBG)	  is	  a	  continental	  flood	  basalt	  
province	  that	  covers	  over	  200,000	  km2	  of	  the	  Pacific	  Northwest	  in	  Washington,	  
Oregon	  and	  Idaho	  (Figure	  5)	  [Hooper,	  2000;	  Reidel	  et	  al.,	  2002].	  The	  CRBG	  consists	  
of	  a	  sequence	  of	  a	  few	  hundred	  tholeiitic	  basalt	  flows	  with	  a	  total	  estimated	  volume	  
of	  approximately	  224,000	  km3.	  The	  flood	  basalts	  erupted	  from	  linear	  fissures	  
between	  17.5	  and	  6	  Ma	  ago	  (late	  Miocene-­‐early	  Pliocene),	  but	  the	  majority	  of	  flows	  
formed	  during	  a	  much	  briefer,	  2.5	  million	  year	  long	  period	  (17-­‐14.5	  Ma	  ago)	  [Martin	  
et	  al.,	  2005].	  During	  the	  time	  of	  peak	  activity,	  individual	  flows	  exceeded	  1,000	  km3	  in	  
volume,	  and	  traveled	  hundreds	  of	  kilometers	  from	  their	  vent	  system	  [Tolan	  et	  al.,	  
1989].	  	  
Using	  a	  combination	  of	  geochemical	  composition,	  paleomagnetic	  properties,	  
and	  lithology,	  the	  CRBG	  was	  divided	  into	  six	  formations	  (in	  ascending	  stratigraphic	  
order):	  the	  Imnaha,	  Grande	  Ronde,	  Picture	  Gorge,	  Prineville,	  Wanapum,	  and	  Saddle	  





flows	  [e.g.	  Reidel,	  1998].	  The	  Grande	  Ronde	  Basalt,	  which	  erupted	  16.5	  to	  14.5	  Ma	  
ago,	  makes	  up	  about	  85%	  of	  the	  CRBG	  by	  volume,	  and	  consists	  of	  17	  individual	  
members	  [Reidel	  et	  al.,	  1989].	  It	  was	  identified	  as	  a	  target	  formation	  for	  CO2	  
injection	  based	  on	  its	  great	  cumulative	  thickness,	  suitable	  depths	  and	  hydraulic	  
properties	  [Spane	  et	  al.,	  2007].	  
Figure	  5.	  Areal	  extent	  of	  the	  Columbia	  River	  basalt	  group	  (modified	  from	  Reidel	  et	  al.	  
[2002]).	  
	  
A typical CRBG flow is comprised of a permeable flow top, a dense, relatively 
impermeable flow interior, and a flow bottom of variable thickness (Figure 6) [DOE, 
1988]. Flow tops usually consist of a chilled, glassy crust that is often vesicular to 
scoriaceous, or rubbly to brecciated (hereafter referred to as porous and brecciated flow 





typically a few centimeters thick, although thickness may vary. The collective contact 
boundary section between two individual basalt flows, i.e. a flow top and an overlying 
flow bottom, is referred to as an interflow zone. The flow interior (also referred to as the 
inner flow) may include massive basalt and/or multiple layers of colonnades and 
entablatures. The colonnade refers to well-defined columnar structures oriented 
perpendicularly to flow boundaries and typically occurring in the basal portion of the 
flow, but which may also constitute its entire thickness or form at several levels, 
alternating with entablatures. Entablatures are characterized by greater abundance of 
cooling joints that are more randomly oriented [Long and Wood, 1986]. Interbedded 
sedimentary layers and basalt interflow zones serve as the primary aquifers in the region, 
while dense flow interiors commonly act as aquitards [Reidel et al., 2002]. This 
combination of multiple extensive reservoir layers with high porosity and lateral 
connectivity, separated by impermeable inner flow zones, represents a promising 
reservoir structure for CO2 storage [McGrail et al., 2006]. 
1.2	  Site	  description	  
The	  Wallula	  Basalt	  Sequestration	  Pilot	  project	  is	  a	  part	  of	  the	  U.S.	  
Department	  of	  Energy’s	  national	  program	  assessing	  carbon	  capture	  and	  storage	  
potential	  of	  different	  regions	  in	  the	  US.	  It	  aims	  to	  evaluate	  the	  potential	  of	  CO2-­‐
sequestration	  in	  continental	  flood	  basalt	  through	  a	  small-­‐scale	  (1000	  metric	  tons)	  
field	  injection	  experiment	  [McGrail	  et	  al.,	  2011].	  A	  pilot	  injection	  borehole	  was	  
drilled	  to	  the	  total	  depth	  of	  1253	  m	  approximately	  20	  km	  southeast	  of	  Pasco	  in	  
south-­‐eastern	  Washington	  (Figure	  5),	  where	  the	  CRBG	  has	  the	  greatest	  aggregate	  





August	  2013),	  extensive geophysical, geochemical, hydrologic, and microbiologic 
surveys were carried out by Battelle, in collaboration with Big Sky Regional Carbon 
Sequestration Partnership and Boise Inc [McGrail et al., 2009]. The	  stratigraphy	  of	  the	  
Wallula	  borehole,	  established	  based	  on	  regional	  geologic	  correlation,	  X-­‐Ray	  
fluorescence	  (XRF)	  analysis	  of	  drilling	  cuttings,	  and	  field	  logging	  data,	  is	  shown	  in	  
Table	  1	  [McGrail	  et	  al.,	  2009].	  The	  Wallula	  pilot	  borehole	  intersects	  three	  CRBG	  
formations:	  Saddle	  Mountain,	  Wanapum	  and	  Grande	  Ronde	  (in	  descending	  order).	  
This	  study	  focuses	  on	  the	  Grande	  Ronde	  Basalt,	  the	  target	  formation	  for	  CO2	  storage	  
[McGrail	  et	  al.,	  2006]. 
 
A 	   	  B	   	  
Figure	  6.	  Major	  features	  of	  a	  CRBG	  flow:	  A	  -­‐	  typical	  flow	  structure	  [Long	  and	  Wood,	  






Table	  1.	  	  Stratigraphy	  of	  the	  Grande	  Ronde	  Formation	  in	  the	  Wallula	  borehole	  
[McGrail	  et	  al.,	  2009].	  
Geologic Unit Depth to Top of Unit (m)  
Saddle Mountain Basalt Formation 13.4 
Wanapum Basalt Formation 322.5 
Grande Ronde Basalt Formation 485.9 
Sentinel Bluffs Member (SBM) 485.9 
SBM Flow 1 485.9 
SBM Flow 2 534.9 
SBM Flow 3 560.2 
SBM Flow 4 588.9 
SBM Flow 5 612.6 
SBM Flow 6 635.5 
SBM Flow 7 652.0 
SBM Flow 8 685.8 
Winterwater Member 707.1 
Umtanum Member 737.0 
Slack Canyon Member (SC) 789.4 
SC Flow 1 789.4 
SC Flow 2 832.1 
SC Flow 3 855.9 
Ortley Member  (OM) 868.7 
OM Flow 1 868.7 
OM Flow 2 896.1 
OM Flow 3 981.2 
OM Flow 4 1031.7 
Grouse Creek Member (GCM) (tentative ID) 1055.5 
GCM Flow 1 1055.5 
GCM Flow 2 1099.4 
Wapshilla Ridge Member (WRM) (tentative ID) 1161.3 
WRM Flow 1 1161.3 
WRM Flow 2 1239.9 






Based on hydraulic testing conducted during drilling and immediately thereafter, 
the target injection zone was identified at	  828-­‐887	  m	  spanning	  three	  brecciated	  
interflow	  zones	  (Ortley and Slack Canyon 2-3 member flow tops) in the Grande Ronde 
Formation [McGrail	  et	  al.,	  2009].	  The	  three	  zones	  represent	  a	  single	  hydraulic	  unit	  
with	  relatively	  high	  permeability	  bounded	  by	  thick	  low-­‐permeability	  flow	  interiors	  
(i.e.	  caprock	  intervals).	  Detailed	  description	  of	  the	  site	  selection,	  the	  injection	  zone	  
and	  caprock	  characterization,	  and	  the	  planned	  post-­‐injection	  activities	  are	  reported	  
by	  McGrail	  et	  al.	  [2009]	  and	  are	  summarized	  by	  McGrail	  et	  al.	  [2011].	  As	  one	  of	  the	  
first	  detailed-­‐characterized	  boreholes	  for	  deep	  CRBG	  in	  the	  region,	  the	  Wallula	  Pilot	  
offers	  a	  unique	  chance	  to	  improve	  the	  general	  understanding	  of	  the	  flood	  basalt	  
properties	  in	  the	  context	  of	  CO2	  storage.	  This	  chapter	  presents	  the	  full	  suite	  of	  
geophysical	  data	  available	  from	  the	  Wallula	  borehole,	  including	  the	  now-­‐cemented	  
interval	  below	  the	  target	  injection	  zone,	  with	  a	  broader	  objective	  of	  understanding	  
petrophysical	  properties	  of	  CRBG,	  and	  improving	  the	  knowledge	  of	  the	  capabilities	  
and	  limitations	  of	  well	  logging	  in	  basaltic	  rocks	  for	  CO2-­‐site	  characterization.	  
2.	  Data	  and	  Methods	  
Geophysical	  measurements	  in	  boreholes	  (i.e.,	  well	  logging)	  provides	  a	  useful	  
tool	  for	  petrophysical analysis	  and	  formation	  evaluation,	  including assessing reservoir 
and sealing properties, and establishing base-line (pre-injection) conditions for further 
monitoring of CO2 underground. Logging provides continuous in situ measurements, 





resolution than surface geophysics. Due to unconventional lithology and complex 
formation structure, however, basaltic formations pose challenges for petrophysical 
analysis, and require formation-specific processing and calibration of the logging data to 
core measurements. Such petrophysical analysis of wireline logs and limited sidewall 
cores performed for the Wallula Pilot project is presented in this chapter, with the focus 
on assessing reservoir porosity, caprock integrity and flow structure of the CRBG. 
Wireline	  logging	  data	  were	  collected	  in	  the	  open	  section	  of	  the	  Wallula	  
borehole	  (340-­‐1250	  m)	  following	  drilling	  and	  preliminary	  well	  completion	  by	  
Schlumberger	  Limited,	  an	  oilfied	  services	  company.	  The	  data	  include	  caliper	  
(borehole	  diameter),	  total	  natural	  gamma	  radioactivity,	  bulk	  density,	  thermal	  
neutron	  porosity,	  electric	  resistivity,	  sonic	  velocities,	  and	  borehole	  spectroscopy.	  
The	  test	  hole	  is	  about	  31.1	  cm	  in	  diameter,	  and	  almost	  vertical	  (15.2	  m	  cumulative	  
deviation	  at	  the	  bottom	  of	  the	  borehole	  in	  the	  north-­‐eastern	  direction). All	  logs	  were	  
corrected	  for	  geometrical	  borehole	  effects,	  checked	  for	  measurement	  quality,	  and	  
recalibrated	  for	  the	  basalt	  formation	  matrix	  when	  necessary.	  Overall,	  log	  data	  
quality	  was	  excellent.	  Apparent	  electric	  resistivity	  was	  recorded	  by	  Array	  Induction	  
Imager	  ToolTM	  (AITTM,	  trademark	  of	  Schlumberger)	  as	  a	  function	  both	  of	  depth	  and	  
penetration	  radius	  into	  the	  formation	  (0,	  25,	  50,	  75,	  150	  and	  230	  cm),	  with	  vertical	  
resolution	  of	  up	  to	  30	  cm.	  The	  25-­‐cm	  penetration	  channel	  exceeded	  the	  AITTM	  
measurement	  scale	  in	  many	  zones	  due	  to	  high	  contrast	  between	  nearly	  fresh	  
borehole	  water	  and	  the	  formation	  resistivity.	  Other	  channels	  were	  not	  affected.	  





Fullbore	  Formation	  Micro-­‐ImagerTM	  (FMITM,	  trademark	  of	  Schlumberger).	  These	  
images,	  generated	  from	  192	  microresistivity	  sensors	  located	  on	  four	  orthogonal	  tool	  
arms,	  allow	  for	  azimuthal	  data	  analysis	  and	  have	  a	  maximum	  vertical	  and	  azimuthal	  
resolution	  of	  0.5	  cm.	  The	  azimuthal	  coverage	  of	  the	  FMITM	  sensors	  in	  a	  31.1-­‐cm	  
borehole	  is	  about	  50%.	  	  Processed	  electric	  resistivity	  images	  were	  used	  for	  flow	  
structure	  and	  fracture	  analysis.	  Sonic	  velocities	  of	  compressional	  and	  shear	  waves	  
were	  computed	  from	  full	  waveform	  transit	  times	  and	  displayed	  high	  coherency	  and	  
reliability	  throughout	  the	  interval.	  Caliper,	  total	  gamma	  ray,	  density,	  electrical	  and	  
sonic	  logs	  were	  primarily	  used	  for	  establishing	  flow	  boundaries	  and	  wellbore	  
stratigraphy,	  in	  combination	  with	  XRF	  chemistry	  analysis	  from	  cuttings	  reported	  in	  
McGrail	  et	  al.	  [2009].	  	  
A	  combination	  of	  four	  different	  data	  types	  was	  utilized	  to	  estimate	  porosity:	  
density,	  neutron,	  sonic,	  and	  electric	  resistivity.	  Raw	  porosity	  logs	  computed	  with	  
routine	  oil-­‐field	  parameters	  disagreed	  by	  as	  much	  as	  20%	  (i.e.	  20	  porosity	  units),	  
contained	  some	  unrealistic	  (e.g.	  negative)	  values,	  and	  therefore,	  required	  
reprocessing	  and	  basalt-­‐specific	  calibration.	  No	  core	  porosity	  measurements	  were	  
available	  at	  the	  site	  for	  log	  calibration.	  Log-­‐derived	  porosity	  was	  computed	  using	  
physical	  properties	  of	  the	  basalt	  matrix	  and	  existing	  empirical	  relations	  applicable	  
to	  basalt	  [Ellis	  and	  Singer,	  2007].	  Density	  porosity	  was	  calculated	  using	  the	  
weighted-­‐average	  transform	  and	  matrix	  density	  measured	  on	  12	  sidewall	  cores	  
from	  the	  Wallula	  borehole	  (Table	  2).	  The	  matrix	  density	  was	  assumed	  to	  be	  the	  





g/cm3).	  Sonic	  P-­‐wave	  velocity	  of	  the	  matrix	  (6.1	  km/s)	  was	  obtained	  from	  a	  density-­‐
velocity	  crossplot	  [Schlumberger,	  1989],	  and	  is	  in	  good	  agreement	  with	  published	  
values	  for	  basalt	  [e.g.	  Boldreel,	  2006;	  Broglia	  and	  Moos,	  1988].	  An	  empirical	  velocity-­‐
porosity	  transform	  by	  Raymer	  et	  al.	  [1980]	  best	  fit	  these	  data,	  and	  was	  used	  instead	  
of	  the	  standard	  Wyllie	  time-­‐average	  equation	  [Schlumberger,	  1989].	  For	  resistivity-­‐
based	  porosity	  estimate,	  Archie	  law	  was	  applied	  to	  the	  deep-­‐reading	  resistivity	  log	  
(230	  cm	  penetration)	  [e.g.,	  Ellis	  and	  Singer,	  2007].	  The	  Archie	  coefficients	  of	  a=0.1	  
and	  m=2,	  derived	  from	  the	  density	  porosity-­‐resistivity	  crossplot,	  produced	  the	  best-­‐
fit	  formation	  factor.	  These	  values	  also	  agree	  with	  previous	  studies	  in	  basalts	  [e.g.	  
Goldberg	  and	  Burgdorff,	  2005;	  Pezard,	  1990].	  Finally,	  the	  thermal	  neutron	  log,	  which	  
commonly	  overestimates	  porosity	  values	  due	  to	  strong	  sensitivity	  to	  clays	  and	  
formation	  water	  salinity	  [Broglia	  and	  Ellis,	  1990],	  was	  recalibrated	  to	  match	  density	  
porosity	  values	  by	  applying	  a	  static	  correction	  of	  -­‐5%.	  	  























 3 333.5 2.874 0.0015  7 315.5 2.782 0.0022 
12 289.0 2.874 0.0060  9 302.7 2.919 0.0050 
16 271.3 2.891 0.0014  18 255.5 2.877 0.0009 
19 249.7 2.943 0.0008  22 223.9 2.767 0.0015 
21 236.0 2.878 0.0006  28 180.2 2.736 0.0015 
25 207.2 2.931 0.0010    Mean 2.816   













3.	  Results	  	  
3.1	  Petrophysical	  properties	  of	  CRBG	  
Processed	  logging	  data	  and	  sidewall	  cores	  from	  the	  Wallula	  borehole	  (Figure	  
7)	  show	  two	  distinct	  lithofacies:	  brecciated	  vesicular	  basalt	  characterized	  by	  low	  
density,	  electric	  resistivity,	  and	  sonic	  velocity,	  and	  massive	  basalt	  characterized	  by	  
high	  values	  of	  these	  measurements	  approaching	  the	  nominal	  values	  for	  basaltic	  
matrix.	  On	  average,	  the	  compressional	  velocity	  in	  the	  massive	  Grande	  Ronde	  Basalt	  
is	  5.5-­‐6	  km/s	  and	  shear	  velocity	  is	  about	  3.5	  km/s.	  	  Sonic	  velocities	  in	  vesicular	  
basalt	  are	  about	  50%	  of	  the	  values	  in	  massive	  basalt.	  Massive	  basalt	  has	  high	  
electrical	  resistivity	  ranging	  from	  200	  to	  2,000	  Ohm-­‐m	  at	  different	  depths.	  This	  
order-­‐of-­‐magnitude	  variation	  is	  attributed	  to	  varying	  extents	  of	  fracturing	  in	  the	  
CRBG,	  as	  described	  below.	  Apparent	  resistivity	  in	  vesicular	  basalt	  intervals	  is	  1-­‐2	  
orders	  of	  magnitude	  lower,	  10-­‐20	  Ohm-­‐m	  on	  average,	  and	  close	  to	  the	  resistivity	  of	  
the	  borehole	  fluid.	  The	  bulk	  density	  of	  massive	  units	  is	  about	  2.8-­‐2.9	  g/cm3,	  close	  to	  
the	  density	  of	  the	  basalt	  matrix,	  while	  bulk	  density	  in	  vesicular	  units	  reaches	  as	  low	  
as	  1.9	  g/cm3.	  This	  dramatic	  difference	  in	  bulk	  density	  is	  due	  primarily	  to	  variations	  
in	  the	  porosity;	  however,	  the	  presence	  of	  low-­‐density	  hydrous	  minerals	  in	  the	  
matrix	  rock	  may	  also	  contribute.	  Grain	  density	  measured	  on	  sidewall	  cores	  is	  lower	  
in	  the	  vesicular	  units	  than	  in	  massive	  basalt,	  2.82±0.08	  g/cm3	  and	  2.90±0.03	  g/cm3,	  
respectively	  (mean±1σ).	  The	  vesicular	  intervals	  are	  also	  characterized	  by	  distinct	  
washouts	  in	  the	  borehole,	  indicated	  by	  the	  caliper	  log.	  Visual	  observations	  of	  the	  





borehole:	  massive	  basalts	  (some	  with	  fractures),	  grey	  to	  black,	  with	  high	  grain	  
density,	  and	  high	  sample	  recovery;	  and	  highly	  altered	  porous	  basalt,	  with	  varying	  
color,	  partial	  mineralized	  infilling	  materials,	  lower	  grain	  density,	  and	  incomplete	  
recovery.	  The	  massive	  units	  are	  interpreted	  to	  represent	  the	  inner	  portions	  of	  
basaltic	  flows	  that	  cooled	  slowly	  over	  time	  whereas	  the	  vesicular	  units	  correspond	  
to	  porous	  and	  brecciated	  interflow	  zones	  formed	  by	  rapid	  cooling	  and	  degassing	  of	  
sub-­‐aerial	  flows	  [McGrail	  et	  al.,	  2009].	  	  
The	  wireline	  log	  data	  show	  a	  consistent	  cyclic	  pattern	  of	  sequential	  basalt	  
flows	  with	  alternating	  porous	  interflow	  zones	  and	  massive	  inner	  flow	  units.	  Twenty-­‐
six	  flows	  from	  7	  members	  of	  the	  Grande	  Ronde	  Formation	  were	  intersected	  by	  the	  
pilot	  borehole	  and	  are	  identified	  in	  the	  logs,	  refining	  the	  resolution	  of	  the	  XRF-­‐based	  
stratigraphy	  reported	  by	  McGrail	  et	  al.	  [2009].	  The	  flows	  vary	  in	  thickness	  from	  10	  
to	  70	  m,	  with	  porous	  flow	  tops	  ranging	  from	  3-­‐20	  m	  thick.	  A	  comparison	  of	  the	  XRF-­‐
based	  stratigraphy	  to	  the	  logs	  suggests	  that	  all	  of	  the	  Grande	  Ronde	  flows	  
intersected	  by	  the	  borehole	  have	  high-­‐porosity	  flow	  tops	  (Figure	  7).	  The	  apparent	  
porosity	  logs	  all	  estimate	  extremely	  high	  values	  of	  20%	  to	  50%	  in	  these	  flow	  tops.	  	  
Drilling	  disturbance	  and	  uncorrected	  clay	  effects	  may	  bias	  these	  values,	  but	  their	  
thicknesses	  can	  be	  accurately	  measured.	  The	  thickest	  flow	  tops	  occur	  in	  the	  Grouse	  
Creek	  3,	  Slack	  Canyon	  1	  and	  2,	  and	  Umtanum	  flows.	  Flow	  interiors	  are	  characterized	  
by	  0-­‐10%	  porosity,	  and	  often	  exhibit	  a	  porosity	  gradient	  from	  high	  values	  





Figure	  7.	  Processed	  logging	  data	  and	  examples	  of	  sidewall	  cores	  from	  the	  Wallula	  
borehole,	  illustrating	  alternating	  flow	  tops	  (high	  porosity	  zones)	  and	  flow	  interiors	  
(low	  porosity	  zones).	  Resistivity	  logs	  are	  color-­‐coded	  by	  the	  depth	  of	  penetration	  into	  
formation.	  Triangles	  indicate	  natural	  gamma	  ray	  values	  predicted	  from	  sidewall	  core	  
chemistry.	  Grey	  dots	  represent	  matrix	  density	  measured	  on	  the	  samples.	  Stratigraphy	  
is	  revised	  from	  McGrail	  et	  al.	  [2009]:	  FS	  –	  Frenchmen	  Springs,	  SB	  –	  Sentinal	  Bluffs,	  W	  –	  
Winterwater,	  U	  –	  Umtanum,	  SC	  –	  Slack	  Canyon,	  O	  –	  Ortley,	  GC	  –	  Grouse	  Creek,	  WR	  –	  






Overall,	  higher	  porosity	  values	  (~5-­‐10%)	  correspond	  to	  higher	  planar	  fracture	  
density	  observed	  in	  resistivity	  images,	  while	  near-­‐zero	  porosity	  tend	  to	  occur	  in	  
massive	  basalt	  at	  the	  base	  of	  a	  few	  flows	  in	  the	  section.	  	  
3.2	  Flow	  structure	  
High-­‐resolution	  FMITM	  images	  reveal	  diverse	  volcanic	  textures	  and	  dense	  
fracturing	  in	  the	  majority	  of	  the	  flows.	  Most	  of	  the	  flow	  boundaries	  in	  the	  images	  are	  
marked	  by	  a	  sharp	  change	  from	  a	  massive	  flow	  bottom	  to	  a	  brecciated	  flow	  top,	  
which	  is	  also	  commonly	  observed	  in	  CRBG	  outcrops	  (Figure	  4A).	  	  No	  distinct	  porous	  
zones	  were	  observed	  in	  the	  images	  of	  flow	  bottoms,	  suggesting	  that	  the	  vesicular	  
zones	  at	  the	  bottom	  boundaries	  are	  either	  very	  thin	  or	  indistinguishable	  from	  the	  
underlying	  flow	  tops.	  Transitions	  from	  the	  brecciated	  flow	  tops	  to	  dense	  flow	  
interiors	  are	  usually	  gradual,	  reflecting	  gradual	  cooling	  away	  from	  the	  exposed	  
upper	  boundary	  after	  flow	  emplacement,	  while	  bottom	  boundaries	  appear	  sharp	  in	  
the	  FMI	  images.	  This	  suggests	  that	  the	  interflow	  zones	  in	  the	  Wallula	  pilot	  borehole	  
are	  dominated	  by	  flow	  tops.	  Flow	  boundaries	  are	  sub-­‐horizontal,	  and	  do	  not	  have	  a	  
dominant	  dip	  azimuth.	  The	  slight	  variations	  in	  orientation	  of	  flow	  boundaries	  were	  
likely	  controlled	  by	  local	  topography	  at	  the	  time	  of	  individual	  flow	  emplacement.	  All	  
flow	  tops	  exhibit	  similar	  vesicular,	  rubbly	  and	  brecciated	  textures.	  	  
Flow	  interior	  structures	  are	  very	  diverse,	  with	  complex	  patterns	  of	  fractures	  
and	  cooling	  joints	  (Figure	  8	  &	  5).	  Two	  major	  electrofacies	  can	  be	  distinguished	  in	  
the	  flow	  interiors:	  1)	  moderate	  resistivity	  zones	  (100-­‐500	  Ohm-­‐m),	  characterized	  by	  





abundant	  planar	  fractures	  (Figure	  4C)	  and,	  and	  2)	  high	  resistivity	  zones	  (over	  1000	  
Ohm-­‐m),	  characterized	  by	  complex	  network	  of	  vein-­‐like	  fractures	  (Figure	  4B)	  and	  
by	  significant	  separation	  between	  deep-­‐	  and	  shallow-­‐penetrating	  resistivity	  logs	  
(e.g.,	  ~580	  and	  ~780	  m	  in	  Figure	  7).	  I	  attribute	  the	  moderate	  resistivity	  zones,	  
which	  are	  much	  more	  common	  in	  the	  section,	  to	  fractured	  flows	  with	  developed	  
entablatures	  and	  colonnades.	  Entablatures	  are	  volumetrically	  most	  significant	  in	  the	  
CRBG	  outcrops,	  and	  comprise	  60-­‐70%	  of	  the	  exposed	  Grande	  Ronde	  flows	  [e.g.	  Long	  
and	  Wood,	  1986].	  They	  have	  relatively	  irregular	  fracture	  patterns	  that	  form	  uneven	  
columns	  0.2-­‐0.5	  m	  in	  diameter.	  Colonnades	  are	  less	  common	  in	  the	  CRBG	  (10-­‐30%),	  
and	  have	  well	  defined	  columns	  0.3-­‐2m	  in	  diameter.	  A	  single	  borehole	  30-­‐40	  cm	  in	  
diameter	  does	  not	  provide	  enough	  spatial	  coverage	  to	  unambiguously	  distinguish	  
between	  these	  two	  flow	  structures.	  However,	  moderate	  resistivity	  values	  and	  an	  
abundance	  of	  conductive	  fractures	  suggest	  that	  the	  moderate	  resistivity	  
electrofacies	  contains	  extensive	  jointing	  common	  for	  entablatures	  and	  that	  some	  of	  
the	  fractures	  are	  open	  (water	  or	  clay-­‐filled).	  The	  high-­‐resistivity	  zones,	  on	  the	  
contrary,	  are	  less	  abundant	  and	  occur	  in	  less	  than	  30%	  of	  the	  flows	  (e.g.,	  the	  
Umtanum	  member,	  Ortley	  1,	  and	  narrow	  zones	  in	  the	  Sentinel	  Bluffs	  and	  Grouse	  
Creek	  flows).	  A	  positive	  gradient	  in	  resistivity	  away	  from	  the	  borehole	  (i.e.,	  
resistivity	  curve	  separation)	  suggests	  that	  vein-­‐shaped	  conductive	  features	  common	  
for	  these	  zones	  are	  confined	  to	  the	  vicinity	  of	  the	  borehole,	  and	  are	  likely	  caused	  by	  





	  Figure	  8.	  Electrical	  resistivity	  (FMITM)	  images	  of	  the	  borehole	  walls	  compared	  to	  the	  
large-­‐scale	  features	  in	  the	  Columbia	  River	  Basalt	  outcrops:	  A	  –	  a	  flow	  boundary	  
exhibiting	  sharp	  contrast	  between	  massive	  flow	  bottom	  and	  a	  brecciated	  flow	  top	  
(photo	  curtsey	  of	  K.	  Davis	  and	  C.	  Porter);	  B	  –	  massive	  basalt,	  with	  drilling-­‐induced	  
fractures	  in	  the	  FMITM	  images,	  C	  –	  inner-­‐flow	  entablature	  and	  colonnades	  with	  
abundant	  cooling	  joints.	  (The	  outcrops	  images	  illustrate	  the	  suggested	  interpretation	  
of	  the	  flow	  structures	  observed	  in	  the	  FMITM	  images,	  and	  do	  not	  correspond	  to	  the	  





massive	  basalt	  (potentially	  with	  closed	  joints)	  and/or	  large-­‐diameter	  colonnades	  
(Figure	  8B).	  The	  relative	  position	  and	  abundance	  of	  the	  two	  electrofacies	  supports	  	  
this	  interpretation:	  the	  moderate	  resistivity	  fractured	  zones	  are	  found	  below	  flow	  
tops	  and	  they	  exist	  in	  the	  majority	  of	  the	  flows,	  while	  the	  high-­‐resistivity	  massive	  
basalt	  occurs	  only	  in	  the	  deepest	  part	  of	  a	  few	  flow	  interiors	  (e.g.,	  the	  Umtanum	  
member,	  733-­‐788	  m).	  This	  may	  be	  interpreted	  as	  slow	  cooling	  and	  little	  or	  no	  
jointing	  in	  the	  deep	  flow	  interior	  with	  progressive	  cracking	  upwards	  where	  cooling	  
progressed	  more	  quickly.	  	  	  
In	  the	  FMITM	  images,	  the	  orientation	  of	  conductive,	  planar	  fractures	  changes	  
with	  depth,	  but	  the	  predominant	  strike	  direction	  is	  NW-­‐SE	  with	  the	  dip	  angles	  from	  
10	  to	  80	  degrees	  (Figure	  9).	  Shallow	  dipping	  cracks	  are	  more	  randomly	  oriented	  
(Figure	  9A)	  and	  likely	  represent	  sub-­‐horizontal	  cooling	  joints	  that	  form	  in	  bands	  
normal	  to	  the	  sub-­‐vertical	  columns,	  a	  common	  feature	  in	  columnar	  basalts	  [e.g.	  
DeGraff	  and	  Aydin,	  1987].	  High-­‐angle	  fractures	  (60-­‐80-­‐degree	  dip)	  tend	  to	  dip	  to	  the	  
northeast	  (Figure	  9B),	  most	  likely	  formed	  by	  tectonic	  processes	  after	  flow	  
emplacement	  and	  cooling.	  This	  orientation	  is	  consistent	  with	  the	  maximum	  
horizontal	  compressive	  stress	  oriented	  NW-­‐SE	  at	  the	  time	  of	  fracturing,	  but	  does	  not	  
rule	  out	  other	  explanations.	  	  
The	  regional	  stress	  direction	  has	  been	  estimated	  from	  earthquake	  focal	  
mechanisms	  in	  southeastern	  Washington	  and	  is	  available	  from	  the	  World	  Stress	  
Map	  database	  [Heidbach	  et	  al.,	  2008].	  The	  data	  indicate	  reverse	  fault/strike-­‐slip	  





estimates	  of	  the	  maximum	  horizontal	  stress	  direction	  in	  the	  study	  area	  differ	  from	  
NW-­‐SE	  to	  NE-­‐SW	  (Figure	  9C),	  and	  more	  data	  are	  needed	  to	  reconcile	  them.	  Borehole	  
breakouts,	  indicative	  of	  stress	  orientation,	  are	  absent	  in	  the	  Wallula	  FMITM	  images.	  
An	  earlier	  study	  at	  the	  Hanford	  site,	  about	  70	  km	  to	  the	  NW,	  reported	  clear	  borehole	  
breakouts	  in	  the	  E-­‐W	  direction,	  indicative	  of	  the	  N-­‐S	  maximum	  horizontal	  stress	  
[Paillet	  and	  Kim,	  1987].	  Other	  data	  in	  the	  Pasco	  basin,	  including	  hydraulic	  fracturing	  
tests	  and	  microseismic	  focal	  mechanisms,	  also	  indicate	  a	  north-­‐south	  orientation	  of	  
the	  maximum	  horizontal	  stress	  and	  a	  near-­‐vertical	  minimum	  principal	  stress	  [DOE,	  
1988],	  consistent	  with	  a	  reverse	  faulting	  stress	  regime.	  Regional	  geologic	  evidence	  
suggests	  that	  this	  stress	  regime	  has	  existed	  for	  the	  past	  14.5	  Ma	  [DOE,	  1988].	  
Therefore,	  the	  steeply	  dipping	  tectonic	  fractures	  were	  likely	  formed	  under	  the	  
dominant	  N-­‐S	  horizontal	  compressive	  stress	  through	  a	  combination	  of	  strike-­‐slip	  
and	  thrust	  mechanisms.	  In	  order	  to	  evaluate	  the	  stability	  of	  these	  fractures	  under	  
elevated	  pore	  pressure	  conditions	  during	  a	  CO2	  injection,	  quantitative	  in	  situ	  
measurements	  of	  stress	  magnitudes	  at	  the	  injection	  site	  are	  needed.	  
Another	  potential	  indicator	  of	  current	  stress	  orientation	  is	  the	  polarization	  
direction	  of	  fast	  shear	  wave,	  which	  can	  be	  incited	  and	  measured	  in	  a	  borehole	  [e.g.,	  
Ellis	  and	  Singer,	  2007].	  	  Sullivan	  et	  al.	  [2011]	  showed	  that	  the	  fast	  direction	  of	  sonic	  
shear	  wave	  anisotropy	  in	  the	  Wallula	  borehole	  is	  primarily	  NW,	  with	  a	  minor	  E-­‐W	  
component.	  Intrinsic	  formation	  properties	  such	  as	  fracture	  orientation,	  however,	  
also	  contributes	  to	  shear	  wave	  polarization.	  Given	  the	  observed	  alignment	  of	  the	  





Figure	  9.	  Fracture	  orientation	  and	  stress	  regime.	  A	  &	  B	  –	  Examples	  of	  sub-­‐horizontal	  
cooling	  joints	  (A)	  and	  high-­‐angle	  tectonic	  fractures	  (B)	  interpreted	  in	  the	  Wallula	  
FMITM	  images	  (shallow	  dip	  angles	  might	  be	  overestimated	  due	  to	  visual	  interpretation	  
bias);	  C	  –	  Stress	  map	  for	  Washington,	  0-­‐10	  km	  depths	  [Heidbach	  et	  al.,	  2008]);	  D	  –The	  
composite	  diagram	  of	  the	  strike	  direction	  for	  conductive	  fractures	  identified	  in	  the	  
FMITM	  record	  (blue),	  the	  fast	  shear	  azimuth	  estimated	  by	  Sullivan	  et	  al,	  [2011]	  (green),	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indicating	  N-­‐S	  compressive	  stress	  direction	  in	  the	  region,	  the	  observed	  shear	  wave	  
anisotropy	  is	  most	  likely	  caused	  by	  the	  fracture	  alignment	  rather	  than	  by	  active	  
regional	  horizontal	  stresses.	  
4.	  Discussion:	  Reservoir	  and	  sealing	  properties	  of	  CRBG	  
A	  layered	  flow	  sequence	  of	  the	  Columbia	  River	  flood	  basalt	  offers	  multiple	  
options	  for	  consideration	  as	  reservoir	  and	  caprock	  formations.	  The	  following	  
section	  provides	  a	  discussion	  of	  the	  most	  important	  aspects	  for	  optimum	  reservoir	  
identification:	  reservoir	  hydraulic	  properties	  and	  caprock	  integrity,	  and	  summarizes	  
available	  data	  on	  these	  properties	  in	  the	  CRBG.	  Downhole	  logging	  data	  can	  
contribute	  significantly	  to	  understanding	  these	  parameters,	  although,	  of	  course,	  
data	  from	  a	  single	  well	  cannot	  address	  the	  lateral	  variability	  of	  these	  critical	  
formation	  properties.	  Downhole	  logs	  from	  the	  Wallula	  pilot	  borehole	  provide	  an	  
important	  first	  step	  towards	  understanding	  the	  intrinsic	  properties	  of	  flood	  basalt	  
flows,	  and	  their	  potential	  as	  host	  medium	  for	  carbon	  sequestration.	  The	  comparison	  
of	  logging	  results	  to	  other	  types	  of	  formation	  evaluation	  techniques,	  e.g.	  hydraulic	  
testing,	  also	  allows	  identifying	  capabilities	  and	  limitations	  of	  well	  log	  analysis	  for	  
formation	  characterization	  in	  basalt.	  
4.1	  Reservoir	  hydraulic	  properties	  
The	  two	  most	  critical	  factors	  determining	  the	  quality	  of	  an	  underground	  fluid	  
reservoir	  is	  its	  storage	  potential,	  controlled	  by	  effective	  porosity,	  and	  its	  hydraulic	  





is	  expected	  to	  undergo	  supercritical	  phase	  transition,	  geophysical	  logs	  in	  the	  Wallula	  
pilot	  borehole	  indicate	  at	  least	  13	  zones	  with	  apparent	  porosity	  over	  15%,	  although	  
only	  4	  of	  them	  exceed	  10	  m	  in	  thickness.	  (The	  10	  m-­‐15%	  threshold	  criteria	  for	  
evaluating	  reservoirs	  in	  the	  CRBG	  are	  selected	  after	  McGrail	  et	  al.	  [2006]	  and	  Reidel	  
et	  al.	  [2002]).	  The	  four	  zones	  meeting	  this	  reservoir	  criterion	  in	  the	  Wallula	  
borehole	  are	  the	  flow	  tops	  of	  the	  Umtanum	  (731-­‐742	  m),	  Slack	  Canyon	  1	  (788-­‐808	  
m),	  Slack	  Canyon	  2	  (830-­‐842	  m),	  and	  Grouse	  Creek	  3	  (1099-­‐1110	  m)	  members	  
(Figure	  7).	  Among	  the	  four	  zones,	  the	  Slack	  Canyon	  1	  flow	  top	  is	  the	  thickest,	  but	  
also	  highly	  heterogeneous.	  All	  four	  zones	  correspond	  to	  increases	  in	  borehole	  
temperature	  gradient	  (Figure	  7),	  suggesting	  potential	  fluid	  inflow/outflow	  to	  the	  
borehole	  at	  those	  depths.	  The	  deepest	  Grouse	  Creek	  3	  zone	  is	  characterized	  by	  a	  
much	  narrow	  temperature	  gradient	  anomaly	  than	  the	  others,	  potentially	  indicating	  
weaker	  flow	  in	  this	  zone.	  Although	  borehole	  logs	  provide	  clear	  delineation	  of	  these	  
high-­‐porosity	  zones,	  the	  log-­‐derived	  porosity	  values	  are	  likely	  to	  exceed	  the	  in	  situ	  
‘effective’	  porosity	  (i.e.,	  the	  interconnected	  pore	  volume	  available	  for	  fluid	  flow	  and	  
storage),	  because	  isolated	  pores	  and	  clay-­‐filled	  voids	  may	  also	  contribute	  to	  log-­‐
derived	  porosity	  estimates.	  
The	  data	  available	  for	  effective,	  or	  ‘true’,	  porosity	  in	  the	  Grande	  Ronde	  Basalt	  
are	  sparse.	  Laboratory	  core	  analysis	  at	  the	  Hanford	  Site	  indicated	  7-­‐30%	  porosity	  
within	  flow	  tops	  [Loo	  et	  al.,	  1984]	  and	  0.1-­‐8.9%	  within	  flow	  interiors	  [DOE,	  1988].	  
These	  values	  correspond	  well	  with	  the	  logging	  results	  in	  the	  Wallula	  borehole,	  but	  it	  





the	  best	  ways	  to	  accurately	  estimate	  effective	  porosity	  is	  by	  hydraulic	  tracer	  tests	  
[Reidel	  et	  al.,	  2002].	  Two	  small-­‐scale	  tracer	  tests	  in	  the	  CRBG	  at	  the	  Hanford	  site	  
yielded	  an	  extremely	  low	  effective	  porosity,	  on	  the	  order	  of	  10-­‐4	  (i.e.,	  10-­‐2	  %)	  
[Leonhart	  et	  al.,	  1982].	  They	  were	  conducted	  in	  the	  McCoy	  Canyon/Sentinel	  Bluffs	  
flow	  top,	  overlying	  the	  Umtanum	  member	  at	  that	  site.	  This	  member,	  however	  is	  
described	  as	  a	  ‘normal’	  flow	  top	  as	  opposed	  to	  a	  vesicular	  and	  brecciated,	  and	  
therefore,	  is	  likely	  more	  representative	  of	  regular	  flow	  interiors.	  A	  quantitative	  
estimate	  of	  effective	  porosity	  in	  the	  Wallula	  borehole	  is	  not	  available,	  but	  hydraulic	  
testing	  in	  borehole	  indicated	  lower	  effective	  porosity	  in	  interflow	  zones	  than	  the	  
that	  estimated	  from	  logs	  (F.	  Spane,	  2012,	  personal	  communication).	  Two	  factors	  are	  
likely	  to	  contribute	  to	  this:	  clay	  infilling	  of	  pores	  and	  vesicular	  pores	  with	  small	  
pore-­‐throats	  were	  both	  shown	  to	  reduce	  the	  interconnected	  porosity	  available	  for	  
fluid	  flow	  in	  basalt	  [Saar	  and	  Manga,	  1999].	  Logging	  properties	  such	  as	  lower	  
resistivity,	  density	  and	  sonic	  velocity,	  however,	  may	  not	  unambiguously	  distinguish	  
these	  features	  from	  open	  interconnected	  pores.	  This	  underscores	  the	  importance	  of	  
hydraulic	  testing	  for	  porosity	  and	  permeability	  estimation	  in	  basaltic	  reservoirs.	  
Hydraulic	  testing	  data	  in	  the	  CRBG	  formations	  are	  available	  from	  the	  Hanford	  
Site	  and	  in	  the	  Wallula	  pilot	  borehole.	  Regionally,	  the	  Grande	  Ronde	  Basalt	  interflow	  
zones	  typically	  exhibit	  a	  wide	  range	  of	  hydraulic	  conductivity	  values,	  spanning	  9	  
orders	  of	  magnitude	  from	  10-­‐3	  to	  10-­‐12	  m/s	  and	  have	  a	  geometric	  mean	  at	  10-­‐8-­‐10-­‐7	  
m/s	  [DOE,	  1988].	  Measurements	  of	  permeability	  within	  individual	  interflow	  zones	  





compaction	  due	  to	  the	  overburden	  stress	  as	  well	  as	  secondary	  mineral	  formation	  in	  
pores	  [Spane,	  1982].	  Hydraulic	  testing	  of	  12	  conductive	  intervals	  in	  the	  Wallula	  pilot	  
borehole,	  conducted	  during	  and	  immediately	  after	  drilling,	  confirmed	  a	  similar	  
decrease	  in	  hydraulic	  properties	  with	  depth	  (Figure	  11)	  [McGrail	  et	  al.,	  2009].	  All	  of	  
the	  four	  high-­‐porosity	  flow	  tops	  (the	  Umtanum,	  Slack	  Canyon	  1,	  Slack	  Canyon	  2	  and	  
Grouse	  Creek	  3	  members),	  however,	  appear	  to	  have	  elevated	  hydraulic	  conductivity	  
values.	  The	  Grouse	  Creek	  3	  has	  the	  highest	  conductivity	  among	  the	  deepest	  flows	  
Figure	  10.	  Schematic	  profile	  of	  the	  Columbia	  River	  Basalt	  intersected	  by	  the	  Wallula	  
borehole,	  illustrating	  typical	  reservoir	  structure	  in	  continental	  flood	  basalt	  with	  
multiple	  alternating	  flow	  interiors	  (caprock)	  and	  interflow	  zones	  (potential	  
reservoirs).	  Detailed	  structural	  interpretation	  of	  the	  target	  injection	  zone	  is	  based	  on	  





(below	  the	  Ortley	  1),	  and	  about	  90%	  of	  the	  transmissivity	  in	  the	  Slack	  Canyon	  2-­‐3	  
and	  Ortley	  flows	  (the	  target	  injection	  zone)	  is	  localized	  within	  the	  Slack	  Canyon	  2	  
flow	  top.	  McGrail	  et	  al.	  [2009]	  estimated	  hydraulic	  conductivity	  values	  of	  3.8-­‐7.7	  
*10-­‐7	  m/s,	  equivalent	  to	  an	  average	  intrinsic	  permeability	  of	  75-­‐150	  millidarcies,	  
within	  the	  Slack	  Canyon	  2	  flow	  top.	  The	  shallowest	  Umtanum	  and	  Slack	  Canyon	  1	  
flow	  tops	  also	  have	  high	  hydraulic	  conductivity	  and	  could	  be	  viable	  reservoirs	  for	  
injection,	  if	  the	  depth	  criterion	  for	  CO2	  stability	  in	  a	  supercritical	  state	  is	  satisfied.	  
Quantitative	  information	  about	  lateral	  variability	  of	  the	  CRBG	  reservoir	  
properties	  at	  Wallula	  is	  not	  available.	  Previous	  studies	  suggested	  that	  individual	  
flows	  and	  intraflow	  structures	  can	  be	  laterally	  continuous	  for	  great	  distances,	  but	  
the	  thickness	  of	  the	  flow	  structures	  is	  often	  variable,	  controlled	  primarily	  by	  the	  
environment	  in	  which	  they	  were	  formed	  [Reidel	  et	  al.,	  2002].	  Earlier	  studies	  in	  the	  
central	  Columbia	  Basin	  [DOE	  1988]	  described	  instances	  of	  both	  abrupt	  changes	  as	  
well	  as	  extended	  lateral	  continuity	  in	  the	  CRBG	  flow	  structures.	  A	  seismic	  reflection	  
survey	  conducted	  before	  drilling	  the	  Wallula	  pilot	  borehole	  indicated	  that	  no	  large	  
E-­‐W	  striking	  faults,	  associated	  with	  the	  major	  compressional	  structures	  in	  the	  Pasco	  
Basin,	  disrupt	  the	  6.5-­‐km	  N-­‐S	  trending	  line	  at	  the	  study	  site	  [Sullivan	  et	  al.,	  2011].	  
More	  detailed	  characterization	  of	  the	  lateral	  heterogeneity	  of	  the	  deep	  structures	  
could	  not	  be	  resolved	  from	  the	  2D	  seismic	  data.	  Borehole	  data	  from	  nearby	  wells	  are	  
also	  sparse,	  but	  suggest	  that	  significant	  lateral	  variations	  in	  the	  reservoir	  properties	  
occur.	  In	  particular,	  a	  gas	  exploration	  well	  (Shell	  1-­‐10	  Darcell)	  located	  about	  30	  km	  





flow	  top	  breccias	  in	  the	  Grande	  Ronde	  formation	  as	  well	  as	  a	  highly	  permeable	  zone	  
at	  the	  top	  of	  the	  Wapshilla	  Ridge	  member	  not	  evident	  in	  the	  Wallula	  pilot	  borehole	  
[McGrail	  et	  al.,	  2009].	  So,	  despite	  the	  large	  areal	  extent	  of	  individual	  Grande	  Ronde	  
flows,	  their	  internal	  structure	  may	  be	  quite	  variable	  and	  a	  multi-­‐well	  study	  would	  be	  
necessary	  to	  accurately	  characterize	  lateral	  variability	  within	  the	  CRBG.	  
Figure	  11.	  Interflow	  transmissivity	  profile	  in	  the	  Wallula	  borehole	  (left)	  from	  
McGrail	  et	  al.	  [2009],	  compared	  to	  density-­‐derived	  apparent	  porosity	  log	  (right).	  





4.2	  Caprock	  characterization	  
Presence	  of	  overlaying	  flow	  interior(s)	  of	  sufficient	  thickness	  and	  integrity	  is	  
crucial	  for	  identifying	  suitable	  seal(s)	  to	  contain	  a	  potential	  CO2	  reservoir.	  
Horizontal	  hydraulic	  conductivity	  from	  field	  tests	  in	  the	  CRBG	  flow	  interiors	  range	  
between	  10-­‐9	  to	  10-­‐15	  m/s,	  with	  the	  geometric	  mean	  between	  10-­‐12	  to	  10-­‐13	  m/s	  
[Reidel	  et	  al.,	  2002].	  	  These	  measurements	  illustrate	  a	  similar	  relationship	  as	  flow	  
tops	  with	  decreasing	  hydraulic	  conductivity	  with	  depth.	  Values	  for	  vertical	  hydraulic	  
conductivity,	  perhaps	  the	  most	  pertinent	  to	  predicting	  vertical	  migration	  of	  injected	  
CO2,	  are	  very	  poorly	  constrained	  and	  may	  be	  at	  least	  an	  order	  of	  magnitude	  lower	  
[DOE,	  1988].	  Three	  low-­‐permeability	  cap-­‐rock	  intervals	  overlying	  the	  target	  
injection	  zone	  were	  tested	  in	  the	  Wallula	  pilot	  borehole	  [McGrail	  et	  al.,	  2009].	  They	  
are	  located	  within	  flow	  interiors	  of	  the	  Umtanum	  member	  and	  the	  Slack	  Canyon	  1	  
and	  are	  characterized	  by	  horizontal	  hydraulic	  conductivity	  of	  10-­‐12-­‐10-­‐13	  m/s	  (i.e.	  
about	  0.01-­‐0.1	  microdarcies).	  The	  flow	  interior	  of	  the	  Umtanum	  member	  is	  ~	  40	  m	  
thick	  and	  provides	  a	  regionally	  recognized	  low-­‐permeability	  caprock	  [Reidel	  et	  al.,	  
2002].	  Along	  with	  the	  Slack	  Canyon	  1	  flow	  interior,	  the	  Umtanum	  will	  serve	  as	  
primary	  caprock	  for	  the	  target	  injection	  zone	  in	  the	  Wallula	  pilot	  borehole	  [McGrail	  
et	  al.,	  2009].	  	  	  	  
An	  important	  question	  for	  petrophysical	  characterization	  is	  whether	  any	  of	  
the	  logging	  properties	  can	  serve	  as	  a	  proxy	  for	  basalt	  integrity	  and	  be	  used	  for	  
caprock	  characterization	  where	  hydraulic	  testing	  data	  are	  limited	  or	  not	  available.	  





seal	  integrity.	  Borehole	  images	  allow	  for	  fracture	  identification	  as	  well	  as	  
quantitative	  analysis	  of	  their	  abundance	  and	  orientation.	  The	  presence	  of	  fractures,	  
however,	  does	  not	  uniquely	  correlate	  with	  hydraulic	  properties,	  as	  they	  may	  be	  
filled	  or	  closed	  [e.g.	  Matter	  et	  al.,	  2006].	  Both	  Slack	  Canyon	  and	  Umtanum	  members	  
contain	  fractured	  intervals	  observed	  in	  FMITM	  images	  (Figure	  8),	  but	  hydraulic	  
testing	  indicates	  they	  have	  extremely	  low	  permeability	  [McGrail	  et	  al.,	  2009].	  
Previous	  studies	  of	  the	  Grande	  Ronde	  Basalt	  cores	  also	  showed	  that	  joints	  are	  
generally	  tight,	  a	  high	  percentage	  of	  fractures	  (77-­‐87%)	  are	  completely	  healed	  or	  
filled,	  and	  most	  fractures	  have	  partial	  filling	  or	  lining	  of	  secondary	  minerals	  [DOE,	  
1988].	  Thus,	  in	  the	  CRBG,	  the	  presence	  of	  fractures	  or	  joints	  does	  not	  compromise	  
caprock	  integrity	  and	  do	  not	  contribute	  to	  hydraulic	  conductivity	  in	  the	  majority	  of	  
tested	  flow	  interiors.	  	  
The	  injection	  of	  CO2	  has	  the	  potential	  to	  alter	  existing	  hydraulic	  properties	  of	  
fractures	  by	  dissolution,	  mineral	  precipitation,	  and	  pressure	  effects.	  Understanding	  
of	  existing	  fracture	  networks	  is	  therefore	  crucial	  in	  predicting	  caprock	  behavior.	  
Ellis	  et	  al.	  [2011]	  studied	  the	  evolution	  of	  fracture	  permeability	  in	  CO2-­‐acidified	  
brine	  flow-­‐through	  experiments	  with	  carbonate	  caprocks	  and	  demonstrated	  the	  
possibility	  of	  very	  different	  outcomes	  for	  samples	  from	  the	  same	  formation.	  One	  
experiment	  exhibited	  extensive	  matrix	  deterioration	  along	  a	  fracture	  due	  to	  
dissolution,	  while	  another	  exhibited	  a	  net	  decrease	  in	  fracture	  permeability	  due	  to	  
combination	  of	  mineral	  precipitation	  and	  particle	  clogging.	  The	  stark	  difference	  in	  





heterogeneity	  and	  local	  variations	  in	  flow	  conditions,	  and	  is	  very	  hard	  to	  predict.	  
Thus,	  unfractured	  zones	  may	  offer	  greater	  long-­‐term	  caprock	  security.	  Borehole	  
images	  show	  pervasive	  fracturing	  of	  basalt	  flow	  interiors	  at	  the	  Wallula	  pilot	  
borehole,	  but	  intervals	  of	  massive	  basalt	  appear	  to	  exist	  at	  the	  bottom	  of	  certain	  
flows.	  	  Zones	  of	  massive	  basalt	  are	  thickest	  in	  Umtanum	  and	  Ortley	  1	  flows,	  ~22	  m	  
and	  ~16	  m	  respectively.	  Qualitatively,	  electrical	  resistivity	  may	  serve	  as	  a	  proxy	  for	  
basalt	  integrity	  because	  dry	  basalt	  is	  highly	  resistive	  (up	  to	  108	  Ohm-­‐m),	  whereas	  
clays	  and	  water	  are	  conductive,	  and	  an	  abundance	  of	  open	  or	  clay-­‐filled	  fractures	  
will	  lower	  resistivity	  values.	  A	  thorough	  and	  quantitative	  comparison	  of	  hydraulic	  
characteristics	  and	  resistivities	  in	  flow	  interiors	  would	  be	  necessary	  before	  logs	  
could	  be	  used	  for	  caprock	  identification.	  More	  hydraulic	  tests	  and	  log	  data	  within	  
flow	  interiors	  in	  the	  Wallula	  pilot	  borehole	  could	  be	  used	  to	  undertake	  such	  an	  
analysis.	  	  	  
Taking	  the	  advantage	  of	  all	  petrophysical	  data	  available	  in	  the	  Wallula	  pilot	  
borehole,	  other	  stratigraphic	  units	  in	  the	  CRBG	  that	  are	  not	  targeted	  for	  injection	  in	  
the	  Wallula	  project	  may	  be	  studied.	  Future	  experiments	  in	  continental	  basalt	  may	  be	  
guided	  by	  these	  results	  and	  a	  multi-­‐well	  characterization	  of	  lateral	  flow	  
heterogeneity	  would	  be	  required	  to	  establish	  the	  reservoir	  and	  sealing	  properties	  of	  
any	  CRBG	  reservoir	  at	  a	  larger	  scale.	  Shallow	  reservoir	  zones,	  such	  as	  the	  Slack	  
Canyon	  1	  and	  Umtanum	  flow	  tops,	  have	  potentially	  suitable	  reservoir	  properties	  but	  
they	  occur	  at	  the	  upper	  threshold	  of	  the	  depth	  (about	  750	  m)	  required	  for	  CO2	  to	  be	  





currently	  available	  in	  the	  overlying	  caprock	  zones.	  A	  potential	  reservoir	  zone	  in	  the	  
Grouse	  Creek	  3	  flow	  top,	  located	  at	  a	  depth	  of	  1.1-­‐km	  in	  the	  Wallula	  pilot	  borehole	  
(Figure	  9),	  has	  less	  favorable	  hydraulic	  properties	  but	  contains	  a	  large	  number	  of	  
overlying	  low-­‐permeability	  flow	  interiors.	  If	  leakage	  through	  primary	  caprock	  
occurred,	  the	  longer	  migration	  path	  from	  this	  depth	  may	  allow	  for	  a	  greater	  amount	  
of	  residual	  trapping	  and	  mineralization	  of	  dissolved	  CO2	  before	  it	  reaches	  the	  
surface.	  The	  Ortley	  member	  may	  potentially	  serve	  as	  a	  primary	  seal	  for	  such	  deeper	  
reservoirs,	  e.g.	  the	  Grouse	  Greek	  flows,	  if	  deep	  injection	  zones	  were	  targeted.	  
Overall,	  deeper	  sequestration	  may	  provide	  higher	  sealing	  security	  due	  to	  fracture	  
closing	  and	  a	  greater	  number	  of	  overlying	  flow	  interiors,	  but	  the	  detailed	  hydraulic	  
properties	  within	  deep	  interflow	  zones	  remain	  unknown.	  	  
5.	  	  Conclusions	  	  
1) 26	  flows	  from	  7	  members	  of	  the	  Grande	  Ronde	  formation	  were	  identified	  in	  
the	  Wallula	  borehole.	  The	  flows	  vary	  in	  thickness	  from	  10	  to	  70	  meters,	  with	  
vesicular	  and	  brecciated	  flow	  tops	  about	  3-­‐20	  m	  thick	  and	  apparent	  porosity	  
of	  20%-­‐45%.	  Four	  of	  the	  high-­‐porosity	  interflow	  zones	  uniformly	  exceed	  10	  
m	  in	  thickness:	  the	  flow	  tops	  of	  Umtanum	  (731-­‐742	  m),	  Slack	  Canyon	  1	  (788-­‐
808	  m),	  Slack	  Canyon	  2	  (830-­‐842	  m),	  and	  Grouse	  Creek	  3	  (1099-­‐1110	  m)	  
members.	  The	  effective	  porosity	  of	  these	  zones	  is	  not	  well	  constrained	  but	  is	  





depth	  but	  is	  sufficiently	  high	  for	  fluid	  injection	  in	  the	  shallower	  flow	  tops,	  
especially	  the	  Slack	  Canyon	  2	  (~100	  millidarcies).	  
2) Flow	  interiors	  are	  pervasively	  fractured,	  and	  are	  characterized	  by	  0-­‐10%	  log-­‐
derived	  porosity.	  Natural	  fractures	  are	  broadly	  classified	  into	  low-­‐angle	  
cooling	  joints	  (bands)	  and	  steeply	  dipping	  tectonic	  fractures.	  Logging	  data	  
indicate	  that	  the	  Umtanum	  and	  Ortley	  1	  flow	  interiors	  have	  the	  largest	  
intervals	  of	  highly	  resistive	  massive	  basalt.	  Although	  those	  zones	  exhibit	  
vein-­‐like	  fractures	  in	  the	  FMITM	  images,	  they	  are	  interpreted	  as	  caused	  by	  
drilling	  and	  confined	  to	  borehole	  walls.	  The	  Umtanum	  and	  Slack	  Canyon	  
flows	  were	  hydraulically	  tested	  and	  are	  characterized	  by	  extremely	  low	  
permeability	  (0.01-­‐0.1	  microdarcies)	  [McGrail	  et	  al.,	  2009].	  They	  are	  
considered	  the	  primary	  caprock	  in	  the	  section.	  
3) Numerous	  high-­‐porosity	  flow	  tops	  in	  the	  CRBG	  offer	  multiple	  reservoir	  
options.	  Based	  on	  hydraulic	  test	  results,	  the	  candidate	  test	  injection	  zone	  for	  
Wallula	  project	  is	  positioned	  between	  828-­‐887	  m	  and	  includes	  Ortley	  1,	  Slack	  
Canyon	  2	  and	  3	  flow	  tops,	  underlying	  the	  Slack	  Canyon	  1	  and	  Umtanum	  
caprock.	  Deeper	  reservoirs	  appear	  to	  have	  inferior	  hydraulic	  properties	  but	  
may	  offer	  greater	  security	  due	  to	  potentially	  higher	  mineralization	  rates,	  
longer	  leakage	  migration	  paths,	  and	  larger	  amount	  of	  intermediate	  caprock.	  
If	  deep	  injection	  zones	  are	  considered	  for	  CO2	  storage	  in	  the	  Grande	  Ronde	  





likely	  candidate	  reservoir	  for	  testing,	  with	  the	  Ortley	  1	  flow	  interior	  as	  
potential	  primary	  caprock.	  	  
4) The	  interiors	  of	  several	  flows	  in	  the	  Grande	  Ronde	  formation	  are	  
characterized	  by	  low	  permeability	  despite	  the	  abundance	  of	  fractures,	  which	  
appear	  to	  be	  closed	  or	  filled.	  These	  flow	  interiors	  represent	  potential	  
caprock.	  Unfractured	  massive	  basalt	  is	  much	  less	  common	  in	  the	  section;	  
thus,	  understanding	  fracture	  behavior	  under	  injection	  conditions	  will	  be	  the	  
key	  to	  evaluating	  the	  CRBG	  sealing	  properties	  for	  CO2	  storage.	  Ultimately,	  the	  
interplay	  between	  chemical	  forces	  of	  dissolution	  and	  mineral	  precipitation,	  
and	  the	  mechanical	  effects	  of	  injection	  pressure	  built-­‐up	  and	  confining	  stress	  
will	  determine	  the	  caprock	  integrity	  during	  CO2	  storage,	  and	  more	  studies	  
are	  needed	  to	  address	  this	  issue.	  FMITM	  image	  analysis	  combined	  with	  results	  
of	  hydraulic	  testing	  is	  a	  first	  step	  toward	  understanding	  of	  fracture	  patterns	  
and	  their	  properties	  that	  can	  provide	  information	  for	  further	  modeling	  and	  
prediction	  of	  caprock	  behavior	  after	  a	  CO2	  injection.	  
5) Petrophysical	  and	  hydraulic	  data	  from	  the	  Wallula	  pilot	  project	  indicate	  that	  
porous	  flow	  tops	  in	  the	  deep	  Columbia	  River	  flood	  basalts	  offer	  reservoirs	  
with	  high	  storage	  capacity,	  potentially	  high	  mineralization	  rates	  and	  thick	  
sections	  of	  caprock	  for	  CO2	  storage.	  A	  more	  extensive	  multi-­‐well	  
characterization	  addressing	  lateral	  variability	  of	  these	  properties	  will	  be	  






Chapter	  II.	  	   	   	   	   	   	   	   	   	  	  	  
Potential	  of	  Borehole	  Spectroscopy	  for	  Monitoring	  Basalt	  
Carbonation:	  A	  Case	  Study	  from	  the	  Columbia	  River	  Flood	  
Basalt	  
Abstract	  
Mineral	  trapping	  is	  expected	  to	  provide	  a	  secure	  mechanism	  for	  long-­‐term	  
CO2	  storage	  in	  basalt;	  therefore,	  accurately	  establishing	  a	  base-­‐line	  geochemistry	  
and	  developing	  in	  situ	  measuring	  techniques	  are	  important.	  This	  chapter	  presents	  
geochemical	  and	  mineralogical	  characterization	  of	  the	  Columbia	  River	  Flood	  basalt	  
using	  borehole	  and	  core	  data	  from	  the	  Wallula	  Pilot	  Sequestration	  Project.	  The	  
analysis	  utilizes	  borehole	  spectroscopy	  and	  a	  novel	  dual-­‐range	  Fourier-­‐Transform	  
Infrared	  (FTIR)	  spectroscopy	  technique	  for	  mineralogical	  analysis	  on	  core.	  
Capabilities	  and	  limitations	  of	  both	  techniques	  for	  chemical	  characterization	  and	  
mineralization	  monitoring	  in	  basalt	  are	  evaluated.	  In	  this	  example,	  the	  FTIR	  
technique,	  although	  sensitive	  to	  carbonate	  and	  clay	  minerals,	  failed	  to	  quantitatively	  
describe	  mineral	  content	  of	  the	  basalt	  matrix,	  but	  further	  improvements	  can	  be	  
made	  to	  develop	  it	  into	  a	  tool	  for	  quantitative	  mineralogical	  analysis	  on	  basalt	  core.	  





acquired	  in	  volcanic	  rocks,	  were	  reprocessed	  with	  unique	  parameters	  suitable	  for	  
the	  igneous	  lithology.	  They	  allowed	  for	  a	  vertically	  continuous	  geochemical	  
characterization	  of	  the	  Grande	  Ronde	  Basalt,	  providing	  accurate	  concentrations	  for	  
up	  to	  8	  major	  and	  minor	  elements.	  Natural	  alteration	  in	  these	  fresh-­‐water	  basaltic	  
reservoirs,	  however,	  is	  not	  clearly	  manifested	  in	  these	  elements.	  Higher-­‐energy	  
spectroscopy	  methods	  that	  are	  sensitive	  to	  a	  large	  number	  of	  elements,	  including	  
oxygen	  and	  carbon,	  are	  recommended	  for	  CO2	  storage	  monitoring.	  
 
1.	  Background	  
High potential for mineral trapping is one of the key advantages of sequestering 
anthropogenic carbon in igneous rocks [Lackner, 2003; Matter and Kelemen, 2009]. 
Mineral trapping through carbonation reduces the risk of CO2 leakage by binding of 
injected CO2 into a stable solid phase [e.g., Oelkers et al., 2008]. Monitoring the rate and 
amount of in situ carbonation will be crucial for post-injection monitoring and 
verification of carbon storage in basalt. Measurements of chemical composition, mineral 
content and mineralization rates have been traditionally done ex situ, through sampling 
and extensive laboratory analysis [e.g., Schaef and McGrail, 2009; Schaef et al., 2009; 
Wolff-Boenisch et al., 2006]. A technique providing this information in situ and 
continuously with depth would be very useful for CO2 monitoring and accounting 
purposes. 
Two general approaches may be considered for mineralization monitoring: 





changes in its chemical composition, and then translating chemical changes into the 
associated mineral alteration. Direct quantitative measurement of mineral content in situ 
remains challenging as most exploration methods, although potentially sensitive [e.g., 
Otheim et al., 2011], are not yet capable of monitoring mineralogical changes with high 
enough precision. For ex situ laboratory studies, X-ray diffraction (XRD) and Fourier	  
transform	  infrared	  (FTIR)	  spectroscopy	  are	  two	  established	  techniques	  for	  
quantitative	  mineralogical	  analysis.	  Both	  were	  shown	  to	  have	  about	  5	  weight	  
percent	  (wt%)	  accuracy	  on	  synthetic	  mixtures	  [e.g.,	  Ruessink	  and	  Harville,	  1992],	  but	  
some	  authors	  suggest	  that	  FTIR	  has	  the	  potential	  to	  provide	  more	  reliable	  and	  
repeatable	  quantitative	  analysis,	  especially	  in	  clay-­‐rich	  sediments	  and	  carbonates	  
[e.g.,	  Herron	  et	  al.,	  1997;	  Wouters	  et	  al.,	  1999].	  Mineral	  identification	  by	  FTIR	  is	  
possible	  because	  minerals	  have	  characteristic	  absorption	  bands	  in	  the	  infrared	  (IR)	  
range,	  and	  the	  absorbance	  of	  a	  mixture	  is	  proportional	  to	  the	  concentration	  of	  
individual	  minerals	  [Harville	  and	  Freeman,	  1988;	  Mukherjee,	  2011].	  The	  mineral	  
composition	  of	  a	  mixture	  can	  thus	  be	  determined	  by	  a	  least-­‐square	  fitting	  of	  
measured	  spectra	  to	  a	  combination	  of	  standard	  spectra	  of	  constituent	  minerals.	  	  
The second approach, inferring mineralogy from chemistry, can be readily applied 
both in situ and ex situ. Chemical laboratory analysis, such as X-ray fluorescence (XRF) 
and mass spectrometry, is routinely done with high accuracy, and can be converted into 
mineralogical content using known composition of rock-forming minerals. With the 
development of spectral nuclear logging tools, such analysis has also become possible in 
situ [e.g., Ellis and Singer, 2007; Flaum and Pirie, 1981]. The tools measure relative 





the formation, and allows reconstructing the concentrations of major rock-forming 
elements with an accuracy of a few weight percent [Grau and Schweitzer, 1989; 
Schweitzer et al., 1988]. The chemistry-to-mineralogy conversion works best when the 
rock contains ‘diagnostic’ minerals of distinct chemical composition, so that the 
conversion can be done unambiguously. This is often the case in sedimentary formations 
(e.g., high Ca in carbonates, high Si in sandstones, and high Al in clays), where neutron 
spectroscopy tools have been successfully applied for many years [e.g., Herron and 
Herron, 1990; Macdonald et al., 2012]. Early attempts at borehole spectroscopy in 
igneous rocks, however, ran into problems with reliability and accuracy [Draxler, 1988], 
and routine processing for these lithologies is sill lacking. A few successful applications 
of borehole spectroscopy in volcanic rocks, however, suggest that it has a high potential 
for providing continuous in situ chemical measurements in basalts when proper 
calibration and processing is applied [Anderson et al., 1990; Guoxin et al., 2007]. 
In this chapter, I analyze borehole spectroscopy logs and new geochemical core 
data from the Wallula Basalt Sequestration Pilot borehole in the Columbia River flood 
basalts (see Chapter 1 for project details). To the best of my knowledge, this is the first 
example of neutron capture spectroscopy logging in the Columbia River Basalt Group 
(CRBG). With this study, I	  investigate	  a)	  the	  possibility	  of	  measuring	  continuous	  
chemical	  composition	  of	  flood	  basalt	  with	  borehole	  geophysics,	  b)	  the	  possibility	  of	  
determining	  mineral	  composition	  of	  these	  flood	  basalts	  from	  chemical	  data,	  and	  c)	  
potential	  of	  a	  novel	  technique	  of	  dual-­‐range	  Fourier-­‐Transform	  Infrared	  
spectroscopy	  (FTIR)	  for	  measuring	  quantitative	  mineralogy	  on	  basalt	  cores.	  The	  





content	  of	  Grande	  Ronde	  basalt	  in	  the	  Wallula	  Pilot	  borehole.	  The	  ultimate	  goal	  of	  
this	  analysis,	  however,	  is	  to	  evaluate	  the	  potential	  of	  borehole	  spectroscopy	  logging	  
and	  FTIR	  measurements	  on	  core	  for	  monitoring	  basalt	  carbonation	  following	  a	  CO2	  
injection.	  	  
2.	  Methods	  
2.1	  Borehole	  Spectroscopy	  
Borehole	  geochemical	  logging	  based	  on	  neutron-­‐induced	  gamma	  ray	  
spectroscopy	  allows	  evaluation	  of	  elemental	  concentrations	  of	  several	  key	  rock-­‐
forming	  elements	  as	  continuous	  functions	  of	  depth	  [Anderson et al., 1990; Grau and 
Schweitzer, 1989; Guoxin et al., 2007].	  A	  neutron	  capture	  spectroscopy	  tool	  emits	  fast	  
(i.e.	  high	  energy)	  neutrons	  and	  measures	  the	  energy	  spectrum	  of	  gamma	  rays	  
generated	  by	  a	  variety	  of	  interactions	  between	  neutrons	  and	  atomic	  nuclei,	  
including	  inelastic	  scattering	  and	  neutron	  capture	  [Ellis	  and	  Singer,	  2007].	  The	  
geochemical	  logging	  data	  in	  the	  Wallula	  borehole	  were	  recorded	  with	  the	  Elemental	  
Capture	  SpectroscopyTM	  sonde	  (ECSTM,	  TM	  of	  Schlumberger).	  The	  tool	  has	  an	  
americium	  beryllium	  (AmBe)	  neutron	  source	  (peak	  energy	  about	  4.2	  MeV),	  and	  a	  
large	  bismuth	  germanate	  (BGO)	  detector	  recording	  a	  254-­‐channel	  gamma	  ray	  
spectrum.	  The	  gamma	  rays	  induced	  by	  neutron	  capture	  comprise	  most	  of	  the	  
recorded	  spectrum;	  however,	  inelastic	  neutron-­‐nucleus	  interactions	  also	  contribute	  
to	  the	  signal.	  For	  the	  ECSTM	  tool,	  the	  inelastic	  spectrum	  is	  accounted	  for	  during	  





concentrations	  primarily	  of	  elements	  with	  high	  neutron	  capture	  cross-­‐section:	  
gadolinium	  (Gd),	  chlorine	  (Cl),	  barium	  (Ba),	  titanium	  (Ti),	  iron	  (Fe),	  calcium	  (Ca),	  
silicon	  (Si),	  sulfur	  (S),	  and	  hydrogen	  (H).	  With	  customized	  processing,	  potassium	  
(K),	  aluminum	  (Al),	  and	  magnesium	  (Mg)	  concentrations	  may	  also	  be	  estimated.	  	  
An	  observed	  gamma	  ray	  spectrum	  includes	  contributions	  from	  the	  elements	  
found	  both	  in	  the	  formation	  and	  the	  borehole.	  Fluids	  filling	  a	  large	  diameter	  
borehole	  or	  abundant	  zones	  with	  high	  porosity	  can	  result	  in	  a	  high	  hydrogen	  
contribution	  (up	  to	  40%	  of	  the	  spectrum	  in	  the	  Wallula	  ECSTM	  data),	  leading	  to	  a	  
lower	  sensitivity	  to	  some	  key	  elements	  in	  the	  rock	  matrix.	  In	  order	  to	  obtain	  
elemental	  concentrations	  of	  the	  rock	  matrix,	  the	  contribution	  of	  the	  formation	  water	  
(H	  and	  Cl)	  must	  be	  subtracted,	  and	  the	  residual	  spectrum	  be	  decomposed	  into	  the	  
relative	  proportions,	  or	  relative	  yields,	  of	  contributing	  elements	  through	  a	  process	  
of	  spectral	  stripping	  that	  utilizes	  standardized	  spectra	  of	  the	  contributing	  elements	  
[Grau	  and	  Schweitzer,	  1989].	  These	  relative	  yields	  are	  functions	  of	  the	  amounts	  
present	  in	  the	  formation	  and	  the	  measurement	  sensitivity	  to	  each	  element.	  
Elemental	  concentrations	  are	  ultimately	  obtained	  by	  applying	  an	  oxide	  closure	  
model	  that	  accounts	  for	  the	  remaining	  unmeasured	  elements	  in	  the	  formation,	  such	  
as	  oxygen.	  	  
Due	  to	  the	  complex	  chemical	  composition	  of	  the	  volcanic	  rock-­‐forming	  
minerals,	  and	  the	  occurrence	  of	  major	  elements	  in	  solid	  solutions,	  some	  element-­‐to-­‐
oxygen	  ratios	  in	  basalt	  are	  different	  from	  those	  in	  pure	  oxides.	  These	  ratios	  should	  





chemical	  analysis	  in	  the	  Wallula	  pilot	  borehole,	  an	  oxide	  closure	  model	  specifically	  
developed	  for	  a	  volcanic	  reservoir	  was	  used,	  as	  shown	  in	  Table	  3	  [Guoxin	  et	  al.,	  
2007].	  This	  model	  was	  obtained	  by	  multiple	  regression	  optimization	  of	  chemical	  
analyses	  on	  98	  core	  samples	  from	  the	  YingCheng	  Group	  in	  northeastern	  China,	  
characterized	  by	  a	  wide	  range	  of	  volcanic	  lithologies.	  Chemical	  composition	  data	  
available	  from	  sidewall	  cores	  in	  the	  Wallula	  pilot	  borehole	  matched	  the	  YingCheng	  
model	  chemistry	  well.	  
	  
Table	  3.	  Oxide	  association	  factors	  used	  in	  the	  closure	  model	  for	  the	  ECSTM	  processing.	  
Element Si Al Ca Mg Na K Fe Ti S 
Pure 




2.139 1.889 1.83 2.48 1.348 1.76 1.43 1.668 0.064 
	  
	  
2.2	  Core	  chemistry	  	  
Thirty-­‐one	  sidewall	  rotary	  minicores	  were	  collected	  in	  the	  Wallula	  pilot	  
borehole	  using	  a	  wireline	  tool	  after	  the	  completion	  of	  drilling	  and	  logging	  
operations.	  The	  sidewall	  cores	  are	  2.5	  cm	  in	  diameter,	  and	  about	  2-­‐5	  cm	  long,	  with	  
varying	  sample	  recovery	  (Figure	  7).	  12	  representative	  minicores	  were	  selected	  for	  
extensive	  chemical	  and	  FTIR	  mineralogical	  analysis:	  5	  samples	  from	  flow	  tops,	  and	  7	  
from	  flow	  interiors.	  A	  portion	  of	  each	  sample	  was	  crushed	  and	  split	  into	  several	  





Services	  (Toronto)	  for	  major	  oxides	  (XRF),	  55	  elements	  (ICP-­‐OES	  and	  ICP-­‐MS),	  total	  
sulfur	  (Leco),	  total	  carbon	  (Leco),	  organic	  carbon	  (coulometry),	  CO2	  (coulometry),	  
FeO	  (titration),	  H2O+	  (Penfield).	  A	  1g	  sample	  was	  allocated	  for	  grain	  density	  and	  
mineralogy	  measurements	  (FTIR).	  The	  resulting	  major	  and	  minor	  cation	  
concentrations	  from	  the	  core	  analyses	  were	  used	  to	  estimate	  the	  accuracy	  of	  the	  
ECSTM	  logs.	  The	  full	  chemical	  analysis	  on	  these	  samples	  is	  available	  in	  the	  Auxiliary	  
Material.	  	  
R-­‐mode	  factor	  analysis	  with	  varimax	  rotation	  [Davis,	  1986]	  was	  employed	  to	  
find	  correlations	  between	  elemental	  concentrations	  in	  the	  core	  and	  log	  data	  sets.	  
Factor	  analysis	  reveals	  patterns	  in	  data	  by	  interpreting	  the	  statistical	  structure	  of	  
the	  variance-­‐covariance	  matrix	  and	  by	  reducing	  the	  number	  of	  independent	  
variables	  [Reidel,	  1983].	  A	  minimum	  number	  of	  new	  variables	  –	  factors	  –	  are	  created	  
by	  linear	  recombination	  of	  the	  original	  data,	  and	  only	  factors	  that	  account	  for	  more	  
variance	  than	  the	  original	  input	  data	  are	  retained	  (using	  the	  criterion	  for	  unrotated	  
eigenvalues	  being	  greater	  than	  unity).	  	  
2.3	  Chemistry-­‐to-­‐mineralogy	  conversion	  
Mineral	  concentrations	  M	  can	  be	  obtained	  from	  elemental	  logs	  E	  with	  a	  least-­‐
square	  solution	  of	  the	  following	  matrix	  equation:	  E	  =	  C	  M,	  where	  C	  describes	  
elemental	  composition	  of	  the	  constituent	  minerals	  in	  M	  [Herron,	  1986].	  Given	  that	  
there	  is	  little	  variability	  in	  the	  chemical	  content	  of	  the	  Grande	  Ronde	  formation,	  and	  
that	  chemical	  composition	  of	  the	  rock-­‐forming	  minerals	  in	  basalt	  (pyroxenes,	  in	  





additional	  constrains.	  To	  the	  best	  of	  my	  knowledge,	  there	  is	  no	  depth-­‐dependent	  
quantitative	  information	  about	  mineral	  content	  of	  the	  Grande	  Ronde	  basalt	  to	  
constrain	  the	  chemistry-­‐to-­‐mineralogy	  conversion.	  Hence,	  in	  order	  to	  evaluate	  the	  
accuracy	  of	  mineralogical	  analysis	  from	  geochemical	  logs,	  I	  compare	  the	  results	  to	  
available	  bulk	  mineralogy	  data,	  check	  how	  well	  a	  given	  mineral	  model	  reproduces	  
measured	  elemental	  concentrations,	  and	  test	  the	  sensitivity	  of	  reconstructed	  
mineral	  concentrations	  to	  the	  number	  and	  types	  of	  minerals	  included	  in	  the	  model.	  
Prior	  studies	  have	  shown	  that	  the	  Grande	  Ronde	  basalt	  lithology	  is	  
dominated	  by	  plagioclase	  (25-­‐48%),	  clinopyroxene	  (augite,	  20-­‐32%),	  and	  glassy	  
mesostasis,	  with	  minor	  amount	  of	  pigeonite	  (0-­‐10%),	  and	  smaller	  amounts	  of	  
orthopyroxene	  (enstatite	  to	  hypersthine)	  [DOE,	  1988;	  Reidel,	  2005;	  Schaef	  et	  al.,	  
2009].	  Accessory	  minerals	  include	  hematite,	  apatite,	  ilmenite,	  magnetite,	  and	  olivine	  
[Reidel,	  1983].	  Secondary	  minerals	  (i.e.,	  alteration	  products)	  are	  represented	  by	  
primarily	  by	  smectite,	  clinoptilolote,	  celadonite,	  with	  accessory	  opal,	  pyrite,	  and	  
minor	  amounts	  of	  calcite	  [Horton,	  1991;	  Porter,	  2010].	  Their	  abundances	  vary	  from	  
almost	  zero	  in	  unaltered	  basalt	  to	  tens	  of	  percent	  in	  extensively	  altered	  zones.	  
Hence,	  a	  combination	  of	  these	  minerals	  was	  used	  as	  a	  mineral	  model	  for	  inverting	  
the	  ECSTM	  logs	  for	  mineral	  concentration.	  	  
2.4	  FTIR	  mineralogy	  
A	  new	  dual-­‐range	  FTIR	  technique	  was	  developed	  at	  Schlumberger-­‐Doll	  
Research	  (SDR)	  that	  allows	  measuring	  mineral	  composition	  of	  sedimentary	  





mid-­‐	  and	  far-­‐infrared	  (IR)	  spectra,	  together	  covering	  the	  wavelength	  range	  from	  300	  
cm-­‐1	  to	  5200	  cm-­‐1,	  and	  enabling	  analysis	  of	  a	  wider	  range	  of	  minerals	  by	  inclusion	  of	  
the	  metal-­‐oxygen	  bond	  energies	  [Herron	  et	  al.,	  1997].	  In	  particular,	  inclusion	  of	  the	  
far-­‐IR	  range	  enables	  a	  better	  distinction	  of	  carbonate	  minerals	  (Figure	  12),	  which	  
makes	  this	  technique	  particularly	  promising	  for	  carbonation	  monitoring.	  Other	  
improvements	  of	  this	  dual-­‐range	  technique	  include:	  1)	  wavelet-­‐based	  weighing	  of	  
the	  spectra	  to	  emphasize	  the	  most	  diagnostic	  wavelength	  for	  different	  types	  of	  
minerals,	  accounting	  for	  variations	  in	  absorbance	  slopes	  of	  KBr	  pellets;	  2)	  expansion	  
of	  the	  standard	  library	  used	  for	  spectral	  decomposition	  to	  over	  50	  minerals;	  and	  3)	  
reconstruction	  of	  the	  end-­‐member	  feldspar	  standards	  that	  do	  not	  occur	  naturally,	  
and	  thus,	  cannot	  be	  measured	  directly	  [Matteson	  and	  Herron,	  1993a].	  Conducted	  in	  
collaboration	  with	  the	  Mineralogy	  Laboratory	  at	  Schlumberger-­‐Doll	  Research,	  the	  
analysis	  presented	  below	  investigates	  the	  feasibility	  of	  using	  this	  innovative	  dual-­‐
range	  FTIR	  technique	  for	  measuring	  the	  quantitative	  mineralogy	  of	  basalt.	  
Twelve	  representative	  sidewall	  core	  samples	  with	  various	  degrees	  of	  
alteration	  from	  the	  Wallula	  pilot	  borehole	  in	  the	  Columbia	  River	  flood	  basalt	  were	  
analyzed	  using	  SDR	  dual-­‐rage	  FTIR	  technique.	  Ground	  and	  homogenized	  rock	  
sample	  was	  mixed	  with	  KBr	  and	  pressed	  under	  vacuum	  into	  a	  clear	  pellet	  (see	  
Matteson	  and	  Herron	  [1993b]	  for	  details).	  Multiple	  pellets	  were	  produced	  for	  each	  
sample	  for	  quality	  control.	  The	  infrared	  absorbance	  of	  the	  pellets	  was	  measured	  
with	  a	  Perkin-­‐Elmer	  System	  2000	  FT-­‐IR	  Spectrometer.	  Measured	  spectra	  were	  then	  





standard	  mineral	  spectra	  completed	  with	  common	  igneous	  rock-­‐forming	  minerals,	  
including	  end-­‐member	  olivines	  (fayalite	  and	  forsterite),	  garnets	  (almandine	  and	  
grossular),	  and	  pyroxenes	  (enstatite,	  hypersthene,	  augite,	  etc.),	  as	  well	  as	  basalt	  
alteration	  products,	  such	  as	  zeolites	  (Table	  4).	  In	  total,	  FTIR	  spectra	  for	  99	  mineral	  
species	  of	  58	  distinct	  minerals	  were	  utilized.	  Multiple	  species	  of	  chemically	  complex	  
minerals	  were	  included	  to	  represent	  variations	  in	  IR	  absorbance	  spectra	  due	  to	  
natural	  variations	  in	  mineral	  composition	  (Figure	  12).	  
	  	  
	  
Figure	  12.	  Portion	  of	  the	  dual-­‐range	  (mid-­‐IR	  plus	  far-­‐IR)	  absorbance	  spectra	  for	  two	  
calcites	  (blue	  and	  green)	  and	  two	  dolomites	  (red	  and	  cyan).	  The	  far-­‐IR	  portion	  of	  the	  
spectrum	  below	  500	  cm-­‐1	  is	  a	  powerful	  addition	  for	  discrimination	  of	  carbonate	  
minerals	  [Herron	  et	  al.,	  1997].	  Note	  also	  a	  slight	  difference	  in	  the	  FTIR	  absorbance	  for	  
different	  species	  of	  the	  same	  mineral,	  that	  motivates	  including	  multiple	  species	  in	  the	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3.1	  Chemical	  composition	  of	  CRBG	  
Borehole	  geochemical	  logs	  from	  the	  Elemental	  Capture	  Spectroscopy	  
(ECSTM,	  TM	  Schlumberger)	  tool	  indicate	  a	  narrow	  compositional	  range	  for	  major	  
elements	  in	  the	  Grande	  Ronde	  Basalt	  and	  a	  relatively	  large	  difference	  with	  the	  
Wanapum	  Basalt	  (Figure	  13).	  Within	  the	  Grande	  Ronde,	  Si	  content	  varies	  on	  average	  
(median±2σ)	  within	  22-­‐28	  wt%,	  Fe	  content	  is	  8-­‐11wt%,	  Ca	  content	  is	  3-­‐8	  wt%,	  Ti	  
content	  is	  1-­‐1.5	  wt%.	  The	  most	  pronounced	  changes	  in	  chemical	  composition	  occur	  
within	  the	  Slack	  Canyon	  member	  (790	  –	  867	  m),	  which	  has	  elevated	  Ca	  and	  low	  Fe	  
and	  Ti	  concentrations,	  and	  the	  other	  flows	  do	  not	  exhibit	  significant	  changes.	  Mg,	  
Na,	  Al,	  and	  K	  concentrations	  estimated	  from	  ECS	  are	  less	  reliable	  due	  to	  the	  low	  
contribution	  of	  these	  elements	  to	  the	  neutron	  capture	  spectrum.	  Nonetheless,	  they	  
provide	  a	  bulk	  estimate	  for	  K	  =	  0.5-­‐2	  wt%,	  Al	  =	  4-­‐9	  wt%,	  Na	  =	  1-­‐3	  wt%.	  The	  Mg	  
concentration	  has	  high	  uncertainty	  and	  the	  estimated	  bulk	  concentration	  of	  Mg	  =	  0-­‐
3	  wt%	  is	  not	  reliable.	  	  The	  continuous	  chemistry	  from	  the	  ECSTM	  logs	  is	  in	  good	  
agreement	  with	  chemical	  analysis	  of	  sidewall	  cores	  and	  cuttings,	  despite	  
uncertainties	  introduced	  by	  inclusion	  of	  spectral	  yields	  for	  Mg,	  Na,	  Al,	  and	  K,	  and	  by	  
other	  neutron	  absorbers.	  The	  root	  mean	  square	  difference	  between	  XRF	  analysis	  on	  
cuttings	  and	  ECSTM	  logs	  is	  less	  than	  1	  wt%	  for	  all	  elements	  except	  Al	  (1.08	  wt%)	  
(Table	  5).	  The	  difference	  with	  ICP	  data	  is	  slightly	  higher,	  exceeding	  1.5	  wt%	  for	  Al	  
and	  Fe	  (e.g.,	  three	  sidewall	  core	  samples	  from	  brecciated	  flow	  tops).	  In	  Figure	  13,	  





magnitude	  or	  more	  difference	  in	  their	  volumes	  of	  investigation.	  The	  ECSTM	  estimates	  
may	  also	  be	  influenced	  by	  the	  gamma	  spectrum	  stripping	  process,	  which	  may	  
overestimate	  Fe	  while	  underestimating	  Al,	  due	  to	  the	  close	  proximity	  of	  their	  
spectral	  peaks.	  Given	  the	  inherently	  high	  Al	  uncertainty	  in	  the	  ECSTM	  results,	  the	  log	  
agreement	  with	  core	  and	  cuttings	  data	  is	  remarkably	  good.	  Overall,	  borehole	  
spectroscopy	  provides	  a	  reliable	  in	  situ	  measurement	  of	  the	  bulk	  rock	  chemistry,	  
and	  these	  data	  demonstrate	  its	  successful	  application	  in	  a	  basalt	  formation.	  
Figure	  13.	  Borehole	  geochemistry	  logs	  from	  Elemental	  Capture	  Spectroscopy	  (ECSTM)	  
and	  chemistry	  data	  from	  the	  sidewall	  cores	  and	  cuttings	  (in	  weight	  %).	  Highlighted	  
zones	  correspond	  to	  porous	  flow	  tops	  characterized	  by	  extensive	  mineral	  alteration.	  





Table	  5.	  The	  ECSTM	  statistics:	  median	  concentration	  values	  for	  the	  8	  measured	  
elements,	  the	  standard	  deviation	  as	  a	  measure	  of	  variability	  in	  the	  Grande	  Ronde	  
formation,	  the	  root-­‐mean-­‐square	  difference	  (Erms)	  between	  the	  XRF	  measurement	  on	  
cuttings	  and	  the	  corresponding	  ECSTM	  values,	  and	  the	  root-­‐mean-­‐square	  difference	  
between	  the	  ICP	  sidewall	  core	  data	  and	  the	  ECS.	  
 Si Ca Fe Ti K Al Na Mg 
ECS_median 24.99 5.57 9.38 1.17 1.21 6.34 2.06 1.71 
ECS_stdev 1.72 1.15 0.76 0.13 0.35 1.15 0.63 0.82 
Erms cuttings XRF 0.75 0.97 0.52 0.07 0.36 1.08 0.47 0.98 
Erms core IPC  1.09 1.55 0.05 0.43 1.71  1.18 
	  
With	  the	  narrow	  compositional	  range	  and	  high	  uncertainty	  in	  the	  ECSTM	  data,	  
a	  multivariate	  statistical	  analysis	  was	  employed	  to	  resolve	  small	  statistically	  
significant	  changes	  and	  underlying	  correlations	  in	  elemental	  concentrations.	  The	  
results	  of	  R-­‐mode	  factor	  analysis	  for	  the	  8	  ECSTM	  logs	  suggest	  that	  70%	  of	  the	  
variance	  can	  be	  explained	  by	  only	  3	  factors.	  The	  first	  factor	  is	  a	  combination	  of	  Fe	  
and	  Ti,	  which	  co-­‐vary	  (Figure	  14A);	  the	  second	  most	  significant	  factor	  is	  influenced	  
by	  co-­‐varying	  Ca	  and	  Mg,	  anti-­‐correlated	  with	  Na;	  and	  the	  third	  factor	  is	  influenced	  
by	  Al	  and	  Si.	  The	  concentration	  of	  Ti,	  mimicked	  by	  Fe,	  shows	  some	  of	  the	  most	  
distinct	  differences	  between	  flows	  in	  the	  ECSTM	  log	  (Figure	  13),	  and	  therefore,	  they	  
contribute	  most	  significantly	  to	  the	  ECSTM	  spectrum.	  The	  first	  factor	  likely	  describes	  
variations	  in	  the	  petrologic	  content	  of	  titanomagnetite	  and	  ferrous	  mafic	  minerals	  in	  
the	  formation.	  The	  second	  factor	  (related	  to	  Ca	  and	  Mg)	  appears	  to	  primarily	  reflect	  






Figure	  14.	  Results	  of	  R-­‐mode	  factor	  analysis	  for	  (A)	  Wallula	  ECS	  logs,	  (B)	  same	  
elements	  from	  the	  sidewall	  cores	  chemistry.	  The	  position	  of	  points	  on	  the	  plot	  
represent	  each	  element’s	  fraction	  of	  the	  total	  variance	  associated	  with	  the	  two	  major	  
factors.	  The	  diamond	  border	  represents	  the	  maximum	  variance	  of	  each	  variable;	  
therefore,	  elements	  plotted	  near	  the	  border	  have	  most	  of	  their	  variance	  explained	  by	  
those	  factors.	  
	  
Factor	  analysis	  for	  XRF-­‐derived	  elemental	  concentrations	  from	  both	  cores	  
and	  cuttings	  results	  in	  a	  similar	  pattern	  (Figure	  14B).	  Two	  factors	  retain	  77.7%	  of	  
the	  variance.	  The	  first	  factor	  is	  a	  combination	  of	  co-­‐varying	  Ca	  and	  Mg	  versus	  Na,	  K,	  
and	  Si;	  the	  second	  factor	  reflects	  Fe	  and	  Ti	  variations.	  The	  similarity	  of	  variance-­‐
covariance	  matrix	  structure	  for	  the	  ECSTM	  and	  core	  data	  confirms	  the	  overall	  
accuracy	  of	  borehole	  spectroscopy	  and	  its	  ability	  to	  depict	  inherent	  chemical	  
variability	  for	  basalt	  with	  a	  narrow	  compositional	  range.	  The	  comparison	  also	  
highlights	  some	  limitations	  of	  neutron	  capture	  spectroscopy	  in	  basaltic	  rocks.	  The	  
variance	  in	  XRF	  data	  is	  dominated	  by	  Ca-­‐Mg	  and	  Na-­‐K-­‐Si	  variability	  that	  correspond	  
to	  clinopyroxene	  and	  plagioclase	  content,	  respectively,	  the	  two	  major	  mineral	  
constituents	  of	  the	  CRBG.	  The	  ECSTM	  logs,	  however,	  are	  more	  sensitive	  to	  Fe	  and	  Ti,	  











































and	  dominantly	  reflect	  the	  variability	  in	  these	  two	  elements,	  while	  Ca	  and	  Mg	  factor	  
is	  pushed	  into	  second	  place,	  and	  the	  Na-­‐K	  correlation	  is	  not	  clear.	  However,	  despite	  
high	  uncertainty	  in	  the	  elemental	  yields	  for	  Ca,	  Na	  and	  Mg,	  the	  ECSTM	  logs	  correctly	  
depict	  the	  statistical	  relationship	  between	  these	  elements.	  	  
Figure	  15.	  Comparison	  of	  the	  chemical	  composition	  of	  the	  massive	  (unaltered)	  and	  
brecciated	  (altered)	  sidewall	  cores:	  A	  –	  concentrations	  of	  the	  8	  major	  and	  minor	  
elements	  detectable	  by	  the	  ECSTM	  indicate	  no	  significant	  difference	  between	  flow	  tops	  
and	  flow	  interiors	  (Si	  and	  Na	  computed	  from	  XRF	  oxide	  concentration,	  all	  other	  
elements	  from	  ICP	  spectroscopy);	  B	  –	  volatile	  content	  (Loss	  on	  Ignition),	  water	  content	  
(Penfield),	  and	  iron	  II	  concentration	  (Titration)	  are	  significantly	  different	  in	  the	  flow	  
tops	  and	  flow	  interiors.	  The	  bar	  height	  indicates	  the	  mean	  value	  for	  the	  group,	  error	  
bars	  correspond	  to	  1	  standard	  deviation	  and	  represent	  the	  variability	  within	  each	  
group.	  
	  
No	  consistent	  difference	  in	  concentrations	  of	  major	  and	  minor	  elements	  is	  
observed	  between	  flow	  tops	  and	  flow	  interiors	  (Figure	  13).	  Chemical	  analysis	  of	  
sidewall	  cores	  confirms	  that	  differences	  in	  the	  mean	  elemental	  concentration	  in	  
flow	  tops	  and	  flow	  interiors	  are	  generally	  less	  than	  the	  range	  of	  chemical	  variability	  















































elements,	  these	  fresh-­‐water	  bearing	  basalts	  appear	  as	  a	  closed	  system:	  the	  elements	  
are	  dissolved	  from	  the	  basalt	  matrix	  and	  are	  bound	  by	  alteration	  in	  the	  proportions	  
similar	  to	  the	  original	  matrix	  composition.	  The	  oxidation	  and	  hydration	  states,	  
however,	  are	  significantly	  different	  (Figure	  15B),	  but	  those	  are	  not	  measured	  by	  the	  
ECSTM.	  Alteration	  zones,	  therefore,	  cannot	  be	  directly	  detected	  in	  the	  ECSTM	  logs.	  
	  Testing	  various	  elemental	  ratios	  also	  suggested	  that	  no	  ratio	  is	  uniquely	  
indicative	  of	  alteration	  in	  the	  Grande	  Ronde	  flows.	  As	  shown	  in	  Figure	  16,	  K	  is	  
depleted	  in	  some	  brecciated	  zones	  and	  elevated	  Ca/K	  ratios	  often	  correspond	  to	  
altered	  zones,	  but	  the	  relationship	  is	  not	  unique.	  A	  chemical	  alteration	  index	  (e.g.,	  Al	  
vs.	  Ca+K+Na)	  approach	  does	  not	  
apply	  in	  this	  environment.	  After	  
testing	  a	  large	  number	  of	  possible	  
combinations,	  none	  of	  the	  
elemental	  ratios	  derived	  from	  the	  
ECSTM	  was	  found	  to	  correlate	  with	  
























Figure	  16.	  Examples	  of	  
characteristic	  elemental	  ratios	  
computed	  from	  the	  ECSTM	  logs	  
illustrate	  a	  lack	  of	  pronounced	  
chemical	  changes	  in	  the	  porous	  and	  
altered	  flow	  tops	  (highlighted	  in	  






proxy	  for	  brecciated	  and	  altered	  zones.	  In	  part,	  this	  result	  may	  be	  explained	  by	  
alteration	  variability	  among	  different	  flow	  tops,	  such	  as	  observed	  in	  the	  sidewall	  
cores	  (e.g.	  white	  pore	  coatings,	  blue-­‐green	  pore	  fillings,	  oxidized	  red	  matrix,	  Figure	  
7).	  Therefore,	  additional	  data	  on	  the	  mineral	  content	  of	  individual	  flow	  tops	  are	  
needed	  in	  order	  to	  confirm	  the	  lack	  of	  consistent	  chemical	  signal	  in	  altered	  zones.	  	  
3.2	  Chemistry-­‐to-­‐mineralogy	  conversion	  
Factor	  analysis	  of	  the	  elemental	  concentration	  logs	  showed	  that	  Fe-­‐Ti	  and	  Ca-­‐
Mg/Na	  most	  strongly	  contribute	  to	  chemical	  variability	  (Figure	  14).	  Covariance	  of	  
Fe	  and	  Ti	  in	  factor	  1	  is	  most	  important	  in	  Fe-­‐Ti	  oxides	  (e.g.,	  ilmenite),	  while	  
covariance	  of	  Ca	  and	  Mg	  suggests	  an	  important	  role	  of	  clinopyroxene,	  which	  in	  the	  
CRBG	  is	  represented	  primarily	  by	  augite	  [Reidel,	  1983].	  An	  anti-­‐correlation	  with	  Na	  
in	  the	  second	  factor	  also	  suggests	  the	  influence	  of	  plagioclase.	  These	  minerals,	  
therefore,	  represent	  the	  minimum	  set	  of	  constituent	  minerals	  necessary	  to	  describe	  
the	  observed	  chemical	  variability	  in	  the	  Grande	  Ronde	  basalt.	  In	  addition,	  inversion	  
results	  suggest	  that	  it	  is	  necessary	  to	  include	  K-­‐feldspar	  to	  account	  for	  K,	  and	  
magnetite	  to	  accurately	  reconstruct	  Fe	  and	  Ti	  content	  (Tables	  4	  and	  5).	  Inversion	  of	  
the	  ECSTM	  logs	  for	  the	  concentration	  of	  these	  5	  main	  minerals	  correctly	  identifies	  
plagioclase	  as	  the	  main	  component	  (~55%),	  followed	  by	  augite	  (~20%),	  but	  
overestimates	  the	  significance	  of	  magnetite	  (~10%).	  Reconstructed	  chemical	  
composition	  from	  this	  mineral	  model	  matched	  the	  measured	  elemental	  





model	  provides	  a	  robust	  first-­‐order	  evaluation	  of	  the	  mineral	  composition	  of	  the	  
basalt	  matrix,	  but	  may	  not	  be	  accurate	  enough	  for	  quantitative	  analysis.	  	  
	  
	  
Figure	  17.	  Reconstructed	  mineralogy	  from	  the	  ECSTM	  logs	  for	  a	  5-­‐mineral	  model	  (left),	  





Table	  6.	  Average	  mineral	  concentration	  for	  different	  mineral	  models	  obtained	  by	  
ECSTM	  inversion.	  

































3  67  - 17  -  - -  16             
5  56 13 17  - -  11 3             
7  56 9 11 2 11 8 3             
8  49 9 13 1 4 5 3 16           
10  44 5 16 2 1 8 3 3 11 7       
13  47 5 6 0 0 10 4 1 9 4 6 3 5 
	  
Table	  7.	  Root-­‐mean-­‐square	  errors	  for	  elemental	  concentrations	  reconstructed	  from	  the	  
mineral	  models.	  
 N Si Ca Fe Ti K Al Na Mg 
3  0.94 1.70 3.31 3.86 1.25 1.57 1.01 0.70 
5  0.73 0.90 0.00 0.00 0.57 1.63 0.64 0.68 
7  0.30 0.32 0.00 0.00 0.20 1.05 0.61 0.68 
8  0.26 0.31 0.03 0.03 0.19 1.04 0.50 0.63 
10  0.14 0.33 0.00 0.00 0.16 0.74 0.44 0.50 
13  0.08 0.08 0.00 0.00 0.11 0.38 0.43 0.07 
	  
Adding	  more	  pyroxene	  minerals,	  namely	  pigeonite	  and	  ferrosilite,	  further	  
improves	  ECSTM	  inversion	  results	  (Figure	  18,	  Table	  7).	  Although	  individual	  
pyroxene	  minerals	  may	  not	  be	  accurately	  reconstructed	  (e.g.,	  ferrosilite	  content	  is	  
likely	  to	  be	  overestimated	  while	  augite	  content	  is	  underestimated),	  the	  mineral	  





mineralogy	  [Doe,	  1988;	  Reidel,	  2005;	  Schaef	  et	  al.,	  2009].	  This	  seven-­‐mineral	  model	  
appears	  to	  be	  the	  best	  choice	  for	  the	  inversion	  because	  it	  represents	  all	  major	  and	  
minor	  constituents	  in	  the	  CRBG	  matrix,	  and	  the	  number	  of	  minerals	  equals	  the	  
number	  of	  well-­‐constrained	  elements	  (all	  but	  Mg)	  in	  the	  ECSTM	  logs.	  	  
	  
	  
Figure	  18.	  Reconstructed	  mineralogy	  from	  the	  ECSTM	  logs	  for	  a	  7-­‐mineral	  model	  (left),	  






When	  more	  minerals	  are	  added	  to	  the	  model,	  the	  system	  becomes	  
underdetermined,	  and	  the	  solution	  is	  non-­‐unique	  and	  highly	  dependent	  on	  the	  
mineral	  model.	  For	  example,	  when	  smectite	  is	  added	  (the	  main	  alteration	  mineral	  in	  
the	  CRBG	  [Horton,	  1991]),	  its	  concentration	  is	  evaluated	  at	  ~16%	  on	  average;	  
however,	  when	  other	  alteration	  minerals	  are	  included,	  they	  dominate	  over	  smectite,	  
and	  if	  more	  accessory	  minerals	  are	  included,	  they	  distort	  pyroxene	  evaluation	  
(Table	  6).	  On	  average,	  however,	  a	  10-­‐mineral	  model	  that	  includes	  major	  and	  minor	  
minerals	  both	  for	  unaltered	  and	  altered	  basalts	  performs	  fairly	  well	  for	  mineral	  
group	  totals:	  ~50%	  feldspar,	  ~20%	  pyroxene,	  ~10%	  oxides,	  ~20%	  alteration	  
products	  (	  Figure	  19).	  Given	  the	  observed	  lack	  of	  chemical	  differentiation	  between	  
altered	  versus	  unaltered	  basalt	  in	  the	  ECSTM	  data,	  this	  model	  can	  only	  provide	  bulk	  
mineralogy	  estimate	  for	  the	  Grande	  Ronde	  formation.	  To	  resolve	  depth-­‐depended	  
variations	  in	  the	  individual	  mineral	  concentrations,	  additional	  constraints,	  e.g.	  from	  
core	  mineralogy,	  are	  required.	  
3.3	  Mineral	  FTIR	  analysis	  on	  core	  
Table	  8	  contains	  a	  summary	  of	  mineral	  compositions	  determined	  by	  dual-­‐
range	  FTIR	  analysis	  for	  12	  samples	  from	  the	  Grande	  Ronde	  basalt	  (full	  results	  are	  
reported	  in	  Appendix	  1).	  The	  mineralogy	  percentages	  are	  normalized	  to	  100	  wt%	  
but	  the	  pre-­‐normalization	  totals	  and	  the	  root-­‐mean	  square	  error	  (RMS)	  in	  spectral	  
fitting	  are	  shown	  for	  quality	  control.	  Pre-­‐normalization	  totals	  are	  within	  the	  range	  
of	  92-­‐95.5	  wt%	  for	  samples	  from	  flow	  interiors	  (low	  degree	  of	  alteration,	  Figure	  7),	  







Figure	  19.	  Reconstructed	  mineralogy	  from	  the	  ECSTM	  logs	  for	  a	  10-­‐mineral	  model	  
(left),	  and	  corresponding	  elemental	  concentrations	  compared	  to	  the	  ECSTM	  logs	  (right)	  
	  
tops.	  This	  suggests	  that	  some	  important	  constituents	  of	  the	  basalt	  matrix	  are	  
missing	  from	  the	  standard	  library,	  and	  therefore,	  measured	  spectra	  of	  fresh	  basalt	  
cannot	  be	  fully	  matched.	  All	  of	  the	  minerals	  identified	  in	  the	  Grande	  Ronde	  basalt	  by	  
previous	  studies	  are	  present	  in	  the	  SDR	  standard	  library,	  except	  pigeonite	  (Table	  4).	  
However,	  obtaining	  representative	  pyroxene	  standards	  is	  very	  challenging	  because	  
they	  typically	  occur	  in	  solid	  solutions,	  and	  pure	  end-­‐members	  are	  not	  common.	  For	  
example,	  augite,	  the	  main	  component	  of	  CRBG,	  is	  a	  solid	  solution	  of	  





standard	  library,	  FTIR	  fails	  to	  reconstruct	  high	  augite	  concentration	  in	  the	  Wallula	  
samples	  (Appendix	  A),	  likely	  due	  to	  the	  natural	  variability	  of	  its	  chemical	  
composition	  and	  spectral	  properties.	  	  
Table	  8.	  Summary	  of	  FTIR	  mineral	  analysis	  for	  Wallula	  samples	  (shaded	  columns	  
correspond	  to	  flow	  tops).	  
Core ID 3 7 9 12 16 18 19 21 22 25 28 30 
Depth (m) 333.5 315.5 302.7 289 271.3 255.5 249.7 236 223.9 207.2 180.2 158.1 
Silica 11.2 3.4 0.0 11.6 2.0 0.0 2.5 10.5 4.3 3.0 0.0 4.5 
Feld-spars 29.5 34.2 42.1 19.6 19.9 32.7 27.4 13.2 49.4 29.6 41.6 32.2 
Olivine 1.6 0.1 0.0 1.2 0.2 1.1 1.7 1.1 0.0 1.8 0.0 1.5 
Garnets 4.3 3.9 3.1 5.1 4.8 7.7 6.7 2.7 3.3 7.3 0.2 6.9 
Pyroxenes 30.4 31.8 18.3 45.0 53.0 24.3 41.5 60.6 13.7 41.7 0.8 30.6 
Carbonates 0.0 0.5 0.0 0.0 0.6 0.0 0.2 0.1 0.0 0.0 1.6 0.2 
Phyllosilicates 12.3 12.1 30.6 6.1 6.0 27.8 9.4 0.5 18.3 8.2 47.3 11.7 
Sulfates 4.0 4.1 1.4 4.6 5.5 3.0 4.9 3.9 5.5 4.7 1.7 5.1 
Sulfides 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FeTi-oxides 0.0 0.0 0.3 0.0 1.0 0.8 0.0 0.0 0.2 0.0 0.6 0.0 
Zeolites 3.2 6.9 0.0 2.5 3.6 0.3 1.8 3.1 2.7 0.4 4.0 3.3 
Apatite 3.6 2.9 4.2 4.3 3.6 2.3 3.9 4.4 2.5 3.4 2.2 4.0 
                          
Total 93.9 98.6 100.0 95.1 93.9 97.3 92.4 95.3 98.5 95.5 97.0 94.9 
RMS 0.4 0.4 0.5 0.4 0.3 0.5 0.5 0.3 0.4 0.6 0.5 0.6 
	  
Qualitatively,	  FTIR	  mineralogy	  analysis	  correctly	  identifies	  pyroxenes	  and	  
feldspars	  as	  major	  components	  in	  these	  Grand	  Ronde	  basalts,	  and	  indicates	  higher	  
percent	  of	  alteration	  minerals	  (clay+zeolites)	  in	  brecciated	  flow	  tops	  compared	  to	  





technique	  fails	  to	  accurately	  determine	  mineral	  concentrations	  in	  the	  basalt	  matrix:	  
feldspar	  content	  is	  underestimated,	  while	  the	  amount	  of	  clays	  appears	  to	  be	  
overestimated,	  likely	  at	  the	  expense	  of	  pyroxenes.	  Without	  an	  independent	  
quantitative	  measurement	  of	  mineralogy,	  though,	  the	  accuracy	  of	  FTIR	  analysis	  is	  
hard	  to	  quantify.	  A	  common	  approach	  to	  quantitatively	  validating	  FTIR	  results	  is	  to	  
compute	  chemical	  composition	  from	  mineralogy,	  using	  known	  chemical	  
composition	  of	  standard	  minerals	  (Appendix	  2),	  and	  compare	  the	  reconstructed	  
chemistry	  to	  measured	  values	  [Herron	  et	  al.,	  1997].	  
	  
	  
Figure	  20.	  Summary	  of	  FTIR	  mineralogy	  for	  massive	  and	  brecciated	  basalt.	  
	  
A	  comparison	  of	  measured	  major	  elemental	  concentrations	  to	  those	  
reconstructed	  from	  FTIR	  mineralogy	  is	  illustrated	  in	  Figure	  21.	  	  Al,	  Na,	  K,	  Mg	  and	  Ti	  
are	  reconstructed	  extremely	  well,	  with	  a	  root	  mean	  square	  difference	  with	  
measured	  values	  (erms)	  below	  1wt%.	  Si	  and	  Fe,	  however,	  are	  strongly	  





The	  Wallula	  samples	  have	  very	  narrow	  chemical	  composition;	  therefore,	  for	  these	  
rocks,	  an	  error	  of	  3	  wt%	  is	  significant.	  Underestimation	  of	  these	  major	  elements	  also	  
confirms	  that	  some	  of	  the	  major	  components	  of	  the	  basalt	  are	  not	  adequately	  
described	  by	  FTIR,	  likely	  due	  to	  the	  lack	  of	  standards	  for	  select	  rock-­‐forming	  
minerals.	  Since	  all	  of	  the	  Grande	  Ronde	  basalts	  are	  characterized	  by	  a	  narrow	  
compositional	  range	  in	  major	  and	  minor	  elements	  [e.g.,	  Hooper,	  2000],	  further	  
expansion	  of	  the	  FTIR	  standard	  library	  is	  needed	  before	  this	  method	  can	  be	  used	  for	  
quantitative	  mineralogical	  analysis.	  However,	  the	  method	  can	  be	  successfully	  
applied	  in	  formations	  with	  greater	  chemical	  variability,	  where	  2-­‐3	  wt%	  accuracy	  is	  
acceptable.	  
	  
Figure	  21.	  Measured	  elemental	  concentrations	  compared	  with	  concentrations	  
reconstructed	  from	  the	  FT-­‐IR	  mineralogy	  and	  the	  end-­‐member	  concentrations	  in	  Table	  
2.	  The	  solid	  line	  is	  a	  1:1	  line.	  Blue	  circles	  correspond	  to	  samples	  from	  flow	  interiors	  





One	  of	  the	  problems	  with	  spectral	  analysis	  of	  igneous	  minerals	  may	  be	  
related	  to	  the	  different	  degree	  of	  crystallization	  and	  scattering	  on	  grain	  boundaries	  
[Brown	  and	  Elliott,	  1985;	  Herron	  et	  al.,	  1997].	  A	  systematic	  analysis	  of	  mixtures	  with	  
similar	  composition	  but	  different	  degree	  of	  crystallization	  may	  help	  to	  quantify	  this	  
effect.	  Another	  problem	  is	  the	  predominance	  of	  solid	  solutions	  in	  pyroxene	  minerals	  
and	  the	  difficulty	  of	  obtaining	  end-­‐member	  standards.	  This	  problem	  can	  be	  
addressed	  by	  including	  more	  samples	  into	  the	  standard	  library	  and	  reconstructing	  
end-­‐member	  spectra,	  e.g.,	  following	  the	  technique	  used	  for	  end-­‐member	  feldspars	  
by	  Matteson	  and	  Herron	  [1993a].	  These	  steps	  should	  help	  to	  improve	  mineral	  
identification	  in	  the	  basalt	  matrix.	  	  
For	  monitoring	  CO2	  mineralization,	  the	  sensitivity	  to	  carbonate	  minerals	  is	  
the	  most	  important	  factor.	  Near-­‐zero	  concentration	  of	  carbonates	  in	  the	  Wallula	  
samples	  preclude	  a	  detailed	  sensitivity	  analysis,	  but	  the	  detection	  of	  0-­‐1.6	  wt%	  in	  
flow	  tops,	  and	  0-­‐0.6	  wt%	  in	  flow	  interiors	  (Table	  8)	  is	  consistent	  with	  available	  
mineralogical	  data	  [Horton,	  1991].	  An	  increased	  sensitivity	  to	  carbonates	  in	  the	  
dual-­‐range	  spectra	  [Herron	  et	  al.,	  1997],	  and	  examples	  of	  successful	  application	  of	  
FTIR	  to	  the	  detection	  of	  basalt	  carbonation	  [e.g.,	  Prasad	  et	  al.,	  2009]	  suggest	  that	  the	  






4.1	  Borehole	  spectroscopy	  potential	  for	  mineralization	  monitoring	  
While	  natural	  alteration	  is	  not	  clearly	  manifested	  in	  the	  ECSTM	  logs,	  a	  
different	  set	  of	  chemical	  reactions	  and	  alteration	  products	  may	  be	  expected	  under	  
the	  conditions	  created	  by	  a	  CO2	  injection.	  Dissolution	  rates	  generally	  increase	  with	  
decreasing	  pH	  and	  the	  relative	  release	  rates	  of	  important	  carbonate-­‐forming	  cations	  
may	  differ.	  Schaef	  et	  al.	  [2009]	  studied	  the	  dissolution	  behavior	  of	  CRBG	  samples	  
over	  a	  range	  of	  temperatures	  and	  solution	  pH	  and	  demonstrated	  that	  measured	  
concentrations	  of	  Si	  in	  solution	  were	  higher	  than	  for	  all	  other	  cations	  (Al,	  Mg,	  Fe,	  Ca	  
and	  Na),	  regardless	  of	  temperature	  or	  solution	  pH.	  Al,	  for	  example,	  showed	  the	  
slowest	  release	  rate	  at	  high	  temperature	  and	  low	  pH.	  Schaef	  et	  al.	  (2009;	  2010)	  
investigated	  composition	  of	  the	  carbonate	  precipitates	  formed	  within	  pore	  space	  
and	  on	  the	  surfaces	  of	  individual	  CRBG	  grains	  in	  the	  laboratory.	  After	  several	  
hundred	  days	  of	  exposure	  to	  water	  and	  supercritical	  CO2,	  the	  majority	  of	  samples	  
precipitated	  pure	  calcite	  with	  limited	  amounts	  of	  Fe,	  Mg,	  and	  Mn	  substitution,	  
suggesting	  that	  Ca	  may	  be	  preferentially	  bound	  into	  carbonates	  formed	  as	  a	  result	  of	  
CO2	  injection.	  If	  in	  situ	  CO2	  injection	  similarly	  results	  in	  a	  few	  percent	  change	  in	  Si,	  
Ca,	  and	  Fe	  concentrations	  in	  the	  solid	  phase,	  the	  ECS	  will	  be	  able	  to	  detect	  
mineralization,	  thus	  providing	  a	  tool	  for	  mineralization	  monitoring	  using	  time-­‐lapse	  
borehole	  spectroscopy.	  Studies	  of	  basalt	  reactivity	  under	  actual	  in	  situ	  conditions	  
are	  needed	  to	  quantify	  the	  degree	  to	  which	  carbonation	  will	  occur	  in	  the	  CRBG	  and	  





High-­‐energy	  pulsed-­‐neutron	  logging	  tools	  (e.g.,	  Reservoir	  Saturation	  ToolTM,	  
TM	  of	  Schlumberger)	  that	  collect	  the	  full	  spectral	  content	  and	  are	  capable	  of	  
measuring	  a	  larger	  number	  of	  elements,	  including	  the	  C/O	  ratio,	  may	  be	  able	  to	  offer	  
greater	  promise	  for	  in	  situ	  monitoring	  of	  carbonate	  mineralization.	  Such	  pulsed-­‐
neutron	  tools	  generate	  neutrons	  at	  14MeV,	  and	  therefore,	  allow	  measurement	  of	  
inelastic	  interactions,	  the	  only	  detectable	  source	  of	  gamma	  rays	  from	  carbon	  and	  
oxygen	  [Ellis	  and	  Singer,	  2007].	  Pulsed	  neutron	  tools	  require	  longer	  acquisition	  
times,	  but	  because	  carbon	  content	  and	  C/O	  ratios	  would	  change	  drastically	  after	  a	  
CO2	  injection	  in	  these	  basalt,	  the	  CRBG	  provide	  an	  ideal	  environment	  to	  test	  the	  
applicability	  of	  neutron-­‐pulsed	  tools	  for	  long-­‐term	  geochemical	  monitoring.	  
Distinguishing	  between	  liquid	  CO2	  in	  pore	  spaces	  from	  newly	  formed	  carbonate	  
minerals	  may	  be	  challenging	  with	  the	  spectroscopy	  tool	  alone,	  but	  it	  could	  be	  
potentially	  be	  resolved	  using	  a	  combination	  of	  borehole	  methods,	  some	  of	  which	  are	  
more	  sensitive	  to	  pore	  fluid	  than	  the	  formation	  matrix	  (e.g.,	  resistivity,	  nuclear	  
magnetic	  resonance,	  etc.).	  	  
4.2	  CRBG	  mineralization	  potential	  
The	  long-­‐term	  behavior	  of	  CO2	  injected	  into	  basaltic	  aquifers	  will	  be	  largely	  
controlled	  by	  chemical	  interactions	  with	  the	  formation	  water	  and	  basalt	  matrix.	  
Mineral	  trapping	  provides	  strong	  motivation	  for	  CO2	  sequestration	  in	  basalt	  and	  the	  
reservoir	  chemistry	  must	  be	  considered	  as	  an	  important	  screening	  factor	  in	  
selecting	  reservoirs	  with	  the	  highest	  chemical	  potential,	  even	  though	  the	  specific	  





[2010]	  compared	  the	  chemical	  reactivity	  of	  basalt	  samples	  from	  different	  volcanic	  
provinces	  in	  a	  series	  of	  laboratory	  experiments	  with	  aqueous	  dissolved	  CO2	  under	  
supercritical	  conditions	  (scCO2).	  Although	  basalt	  reactivity	  varied	  considerably,	  no	  
convincing	  correlation	  could	  be	  found	  relating	  to	  differences	  in	  bulk	  composition,	  
mineralogy,	  or	  glassy	  mesostasis	  quantity	  or	  composition.	  Further	  studies	  on	  the	  
Wallula	  borehole	  cuttings	  from	  the	  Grouse	  Creek	  member	  (~1.1	  km	  depth)	  also	  
considered	  the	  effects	  of	  reservoir	  depth	  and	  the	  amount	  of	  water	  entrained	  in	  
scCO2	  [Schaef	  et	  al.,	  2011].	  Under	  pressures	  and	  temperatures	  corresponding	  to	  
800–3000	  m	  depths,	  basalt	  samples	  exposed	  to	  dissolved	  CO2	  for	  identical	  periods	  
of	  time	  appeared	  to	  react	  more	  vigorously	  at	  higher	  pressures.	  These	  observations	  
suggest	  that	  deeper	  basalt	  flows	  may	  be	  more	  promising	  as	  sequestration	  targets.	  
Given	  the	  observed	  decrease	  in	  hydraulic	  properties	  with	  depth	  (see	  Chapter	  1	  for	  
details)	  a	  trade-­‐off	  between	  favorable	  hydraulic	  properties	  and	  basalt	  reactivity	  is	  
likely	  to	  be	  necessary.	  Another	  factor	  contributing	  to	  an	  increase	  in	  carbonation	  rate	  
may	  be	  related	  to	  the	  presence	  of	  secondary	  minerals,	  such	  as	  chlorite,	  that	  
enhanced	  the	  formation	  of	  carbonates	  in	  the	  CRBG	  samples	  exposed	  to	  water-­‐rich	  
scCO2	  [Schaef	  et	  al.,	  2011].	  These	  observations	  highlight	  the	  importance	  of	  accurate	  
mineralogical	  description	  for	  predicting	  in	  situ	  mineralization	  rates.	  
In	  terms	  of	  the	  major	  cation	  chemistry	  and	  mineral	  speciation,	  carbonate	  
precipitates	  from	  the	  CRBG	  samples	  that	  reacted	  with	  CO2	  are	  dominated	  by	  pure	  
calcite,	  with	  limited	  amounts	  of	  Mg,	  Fe,	  and	  Mn	  substitution	  [Schaef	  et	  al.,	  2010].	  





in	  some	  cases	  produced	  carbonates	  dominated	  by	  Fe-­‐rich	  species	  [Schaef	  et	  al.,	  
2011].	  Reaction	  products	  associated	  with	  water-­‐rich	  scCO2	  were	  unique	  and	  distinct	  
from	  the	  ones	  forming	  in	  aqueous	  based	  fluids,	  and	  they	  are	  not	  yet	  as	  well	  
understood	  [Schaef	  et	  al.,	  2011].	  Overall,	  the	  relative	  predominance	  of	  Ca	  versus	  Mg	  
may	  determine	  which	  carbonate	  minerals	  precipitate,	  with	  the	  more	  calcic	  basalts	  
favoring	  formation	  of	  calcite	  because	  of	  its	  lower	  solubility	  [McGrail	  et	  al.,	  2006].	  
According	  to	  the	  chemical	  analyses	  from	  the	  ECS	  and	  sidewall	  core	  data,	  the	  highest	  
Ca	  concentration	  in	  Wallula	  borehole	  is	  observed	  in	  the	  Slack	  Canyon	  1	  and	  2	  flow	  
tops,	  while	  Ortley	  1	  and	  4	  flow	  tops	  are	  characterized	  by	  higher	  Fe	  content	  (Figure	  
5).	  If	  elevated	  concentrations	  of	  specific	  cations	  accelerate	  basalt	  carbonation,	  
continuous	  geochemical	  logs	  may	  allow	  identification	  of	  the	  most	  promising	  flows	  
for	  in	  situ	  mineralization.	  
5.	  Conclusions	  
1) Custom	  processing	  of	  Elemental	  Capture	  Spectroscopy	  (ECS)	  logs	  with	  
formation-­‐specific	  oxide	  closure	  model	  provides	  concentrations	  of	  8	  major	  
and	  minor	  elements	  in	  the	  Wallula	  borehole	  (Si,	  Fe,	  Ti,	  Al,	  Ca,	  Mg,	  Na,	  K)	  
matching	  sidewall	  core	  chemistry	  data	  with	  the	  average	  root-­‐mean-­‐square	  
error	  below	  1	  wt%.	  	  
2) The	  very	  narrow	  chemical	  composition	  of	  the	  Grande	  Ronde	  Basalt	  and	  
limited	  manifestation	  of	  mineral	  alteration	  in	  the	  bulk	  chemistry	  hamper	  





with	  no	  spectral	  sensitivity	  to	  carbon,	  the	  ECS	  has	  limited	  ability	  to	  detect	  
basalt	  carbonation	  in	  fresh-­‐water	  reservoirs,	  unless	  a	  pronounced	  
preferential	  release	  and/or	  binding	  of	  a	  specific	  major	  cation	  is	  induced	  by	  
CO2	  injection.	  	  
3) Dual-­‐range	  Fourier-­‐Transform	  Infrared	  Spectroscopy	  is	  a	  promising	  tool	  for	  
determining	  quantitative	  concentration	  of	  secondary	  carbonate	  minerals	  in	  
core	  samples.	  However,	  further	  analysis	  of	  spectral	  properties	  of	  the	  basalt	  
matrix	  and	  constituent	  minerals	  is	  necessary	  for	  full	  quantitative	  evaluation	  
of	  mineralogical	  content	  in	  basaltic	  rocks.	  
4) High-­‐energy	  pulsed	  neutron	  spectroscopy	  tools	  are	  recommended	  for	  CO2	  
sequestration	  monitoring,	  as	  they	  allow	  measuring	  the	  inelastic	  neutron	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In	  Situ	  Stress	  Analysis	  in	  the	  Northern	  Newark	  Basin:	  
Implications	  for	  Induced	  Seismicity	  from	  CO2	  Injection	  
Abstract	  
This	  chapter	  presents	  a	  detailed	  stress	  analysis	  in	  a	  deep	  well	  drilled	  in	  the	  
northern	  Newark	  Rift	  basin,	  with	  the	  goal	  of	  evaluating	  the	  risk	  of	  induced	  
seismicity	  for	  underground	  fluid	  injection	  at	  the	  locality.	  In	  situ	  stress	  orientation	  
and	  magnitudes	  were	  estimated	  using	  quantitative	  analysis	  and	  modeling	  of	  
borehole	  breakouts	  identified	  in	  high-­‐resolution	  wellbore	  images.	  The	  distribution	  
of	  breakouts	  and	  natural	  fractures	  in	  the	  well	  suggests	  significant	  variability	  in	  
orientation	  of	  the	  principal	  horizontal	  stresses	  in	  the	  depth	  range	  of	  450-­‐1450	  m.	  
Evidence	  from	  surface	  seismic	  reflection	  imaging	  indicates	  potential	  presence	  of	  
faults	  at	  about	  800	  m	  and	  1200	  m	  that	  bound	  zones	  of	  distinctly	  different	  stress	  
orientation	  at	  this	  locality.	  Stability	  of	  natural	  fractures	  and	  faults	  under	  injection	  
conditions	  was	  evaluated	  for	  a	  range	  of	  potential	  stress	  magnitudes	  and	  the	  
observed	  stress	  variability	  with	  depth.	  Shallow	  crust	  above	  ~800	  m	  appears	  to	  be	  
critically	  stressed	  under	  ambient	  conditions,	  and	  further	  pore	  pressure	  increase	  





Deeper	  reservoirs,	  however,	  may	  allow	  over	  10	  MPa	  increase	  in	  pore	  pressure	  
without	  fault	  reactivation	  due	  to	  a	  more	  relaxed	  state	  of	  stress.	  Additional	  in	  situ	  
test	  data	  are	  needed	  to	  more	  accurately	  constrain	  the	  magnitude	  of	  the	  minimum	  
horizontal	  stress	  in	  the	  basin	  and	  to	  enable	  a	  more	  complete	  assessment	  of	  the	  
induced	  seismic	  risk	  from	  potential	  CO2	  injection	  in	  the	  region.	  
1.	  Background	  
1.1	  Geomechanical	  hazards	  associated	  with	  CO2	  storage	  
The primary factor increasing seismic hazard for CO2 storage is the modulation of 
the pore pressure due to fluid injection and its impact on the effective stress. If fluid 
injection pressure exceeds the least principal stress in the formation, hydraulic fractures 
are initiated [Zoback, 2010] potentially compromising containment of the injected fluid 
and causing induced seismicity. However, the major seismic risk associated with CO2 
geologic storage comes not from the possibility of hydraulic fracturing in the formation 
but from reactivating preexisting faults and fractures in the vicinity of the injection site 
[Zoback and Gorelick, 2012]. While slip on geologic discontinuities may not necessarily 
produce large seismic events that can be felt by humans or cause visible damage, it can 
increase formation permeability and compromise caprock integrity, thus increasing the 
risk of leakage. According to the Coulomb criterion, slip along a pre-existing fault is 
triggered when the shear stress τ acting along the fault exceeds the frictional resistance to 
sliding: µ(σ-Pp), where µ is the friction coefficient (0.6-0.8 for most rock types), σ 
denotes the normal stress acting on the fault, and Pp stands for pore pressure [Zoback, 





pressure increases. The stresses acting on the fault can be directly expressed in terms of 
the principal stresses if the fault orientation is known. Therefore, two essential pieces of 
information necessary for predicting geomechanical effects of underground injection are 
the in situ stress field and the fault geometry. 
1.2	  Geomechanical	  wellbore	  analysis	  
Borehole	  geophysical	  data	  are	  extremely	  useful	  for	  evaluating	  the	  
geomechanical	  properties	  of	  deep	  formations	  and	  in	  situ	  stresses.	  In	  particular,	  well-­‐
bore	  image	  logs	  allow	  determining	  the	  distribution	  and	  orientation	  of	  natural	  
fractures	  intersected	  by	  a	  borehole.	  If	  wellbore	  failures	  are	  present,	  image	  analysis	  
also	  allows	  the	  orientation	  of	  principal	  stresses	  to	  be	  determined	  at	  depth,	  and	  in	  
many	  cases,	  constrains	  their	  magnitudes	  [Zoback	  et	  al.,	  2003].	  	  
Usually,	  the	  principal	  stresses	  at	  depth	  in	  the	  Earth’s	  crust	  (S1,	  S2,	  S3)	  
correspond	  to	  the	  vertical	  stress	  Sv	  (weight	  of	  the	  overburden),	  and	  two	  orthogonal	  
horizontal	  stresses,	  SHmax	  and	  Shmin	  [Sperner	  et	  al.,	  2003].	  In	  a	  compressional	  
environment,	  i.e.,	  a	  reverse	  faulting	  stress	  regime	  (RF),	  currently	  prevalent	  in	  
eastern	  North	  America,	  Sv	  is	  the	  least	  principal	  stress	  (S3).	  S3	  can	  be	  measured	  by	  
hydraulic	  fracturing	  because	  propagation	  of	  hydraulic	  fractures	  is	  directly	  
controlled	  by	  the	  least	  principal	  stress	  magnitude	  and	  orientation	  [Hubbert	  and	  
Willis,	  1957].	  A	  number	  of	  hydraulic	  fracturing	  techniques	  have	  been	  developed	  
including	  micro-­‐	  and	  mini-­‐fracturing	  and	  leak-­‐off	  tests	  that,	  when	  properly	  
conducted,	  provide	  the	  most	  reliable	  value	  for	  the	  magnitude	  and	  orientation	  of	  the	  





environments,	  S3	  corresponds	  to	  the	  minimum	  horizontal	  stress	  Shmin.	  Given	  
hydraulic	  fracturing	  and	  density	  data,	  it	  is	  therefore	  straightforward	  to	  accurately	  
calculate	  both	  Sv	  and	  Shmin.	  The	  computation	  of	  the	  maximum	  horizontal	  stress	  
(SHmax)	  is	  more	  elusive,	  but	  it	  can	  be	  estimated	  by	  modeling	  wellbore	  failures	  and/or	  
constrained	  by	  the	  frictional	  strength	  of	  the	  crust.	  Hydraulic	  fracturing	  data	  are	  not	  
always	  available.	  In	  many	  cases,	  the	  modeling	  of	  wellbore	  failures	  becomes	  the	  only	  
way	  to	  constrain	  the	  orientation	  and	  range	  of	  possible	  values	  for	  both	  Shmin	  and	  
SHmax.	  
In	  a	  vertical	  borehole,	  the	  orientation	  of	  borehole	  failure	  is	  directly	  indicative	  
of	  the	  stress	  orientation.	  After	  drilling,	  the	  opening	  of	  a	  cylindrical	  borehole	  can	  no	  
longer	  support	  the	  far-­‐field	  stresses	  and	  creates	  stress	  concentration	  around	  the	  
wellbore	  circumference.	  This	  effective	  stress	  concentration	  varies	  strongly	  as	  a	  
function	  of	  azimuthal	  position	  and	  the	  distance	  from	  the	  wellbore	  wall,	  but	  its	  
pattern	  is	  independent	  of	  the	  elastic	  moduli	  of	  the	  formation	  [Zoback,	  2010].	  Thus,	  
the	  manner	  in	  which	  stresses	  are	  concentrated	  around	  a	  borehole	  does	  not	  vary	  
between	  wells,	  and	  a	  simple	  relationship	  exists	  between	  the	  orientation	  of	  the	  
principal	  horizontal	  stresses	  and	  wellbore	  failure	  occurrence.	  In	  a	  vertical	  borehole,	  
the	  circumferential	  effective	  stress	  at	  the	  borehole	  wall	  is	  strongly	  compressive	  at	  
the	  azimuth	  of	  Shmin,	  and	  is	  close	  to	  zero	  at	  the	  azimuth	  of	  SHmax.	  Therefore,	  as	  soon	  
as	  the	  effective	  hoop	  stress	  exceeds	  the	  compressive	  strength	  of	  the	  formation,	  the	  
compressive	  failures	  known	  as	  borehole	  breakouts	  (BO)	  form	  at	  the	  azimuth	  of	  Shmin.	  





(DITF)	  form	  at	  the	  azimuth	  of	  SHmax.	  Thus,	  if	  either	  type	  of	  wellbore	  failure	  is	  
observed	  in	  a	  borehole	  image,	  principal	  stress	  directions	  can	  be	  reliably	  identified.	  
When	  the	  formation	  strength	  is	  know,	  the	  magnitudes	  of	  the	  principal	  horizontal	  
stresses	  can	  also	  be	  constrained	  based	  on	  breakout	  width.	  
1.3	  Study	  site	  description	  
The	  Mesozoic	  Newark	  basin	  is	  a	  half-­‐graben	  rift	  basin	  filled	  with	  Late-­‐
Triassic	  to	  Early-­‐Jurassic	  nonmarine	  sediments	  and	  igneous	  rocks	  [Olsen	  et	  al.,	  
1996]	  that	  stretches	  from	  southern	  New	  York	  to	  northern	  Pennsylvania	  (Figure	  22).	  
While	  general	  structure	  and	  stratigraphy	  of	  the	  basin	  are	  well	  known,	  information	  
on	  the	  deep	  structure	  and	  petrophysical	  properties	  of	  the	  northern	  end	  of	  the	  basin,	  
which	  lies	  in	  a	  close	  proximity	  to	  the	  City	  of	  New	  York,	  is	  limited.	  TriCarb	  
Consortium	  for	  Carbon	  Sequestration	  (TriCarb),	  developed	  through	  the	  Department	  
of	  Energy’s	  (DOE)	  National	  Energy	  Technology	  Labs	  (NETL)	  Carbon	  Sequestration	  
program,	  aims	  to	  characterize	  the	  northern	  Newark	  basin	  for	  potential	  geologic	  
carbon	  storage	  [Collins	  et	  al.,	  2012].	  Following	  a	  2D	  seismic	  survey	  of	  the	  area	  that	  
indicated	  absence	  of	  large	  faults	  in	  the	  sedimentary	  section,	  a	  2-­‐km	  deep	  
characterization	  well	  was	  drilled	  in	  Rockland	  County,	  NY,	  and	  a	  suite	  of	  open-­‐hole	  
wireline	  logs	  and	  high-­‐resolution	  electrical	  resistivity	  images	  (FMITM)	  were	  






Figure	  22.	  Geologic	  map	  of	  the	  central	  and	  northern	  Newark	  basin	  with	  indicated	  CO2	  
emission	  sources	  and	  the	  location	  of	  the	  TriCarb	  study	  site	  (after	  Tymchak	  et	  al.	  
[2011]).	  Also	  indicated	  is	  the	  direction	  of	  the	  present-­‐day	  principal	  compressive	  stress	  
(SHmax)	  inferred	  from	  earthquake	  focal	  solution	  around	  the	  Newark	  basin	  (blue	  arrow,	  
N68°)	  and	  single-­‐borehole	  breakouts	  in	  the	  central	  part	  of	  the	  basin	  (black	  arrow,	  
N47°)	  from	  Goldberg	  et	  al.	  [2003].	  
	  
The	  TriCarb	  well	  (NYSTA-­‐Tandem	  Lot	  Well	  #1)	  transects	  the	  Upper	  and	  
Lower	  Passaic	  formations	  and	  the	  Palisade	  dolerite	  sill.	  The	  Passaic	  formation	  is	  
dominated	  by	  red	  clastic	  sediments	  of	  lacustrine	  origin	  [Olsen	  et	  al.,	  1996].	  At	  the	  
site,	  the	  Passaic	  is	  represented	  by	  thinly	  bedded	  sequence	  of	  red	  mudstones,	  
siltstones,	  and	  sandstones,	  dipping	  5-­‐15°	  to	  WNW.	  Layer	  thickness	  varies	  from	  ~1	  





but	  several	  larger	  bedding	  groups,	  in	  which	  either	  sandstones	  or	  mudstones	  
dominate,	  can	  be	  identified	  in	  geophysical	  logs	  (Figure	  23).	  Laboratory	  analysis	  of	  
select	  sidewall	  core	  samples	  indicated	  presence	  of	  reservoir-­‐quality	  sandstone	  units	  
(~15%	  porosity,	  ~100-­‐250	  mD	  permeability)	  in	  the	  depth	  interval	  of	  700-­‐1200	  m	  
[Slater	  et	  al.,	  2012].	  At	  the	  basin	  scale,	  fracture	  porosity	  is	  more	  developed	  than	  
primary	  porosity,	  and	  fractured-­‐rock	  aquifers	  define	  the	  principal	  groundwater	  
system	  in	  the	  Newark	  basin	  [Houghton,	  1990].	  Given	  the	  prevalence	  of	  natural	  
fractures,	  their	  distribution	  and	  stability	  under	  injection	  conditions	  must	  be	  
evaluated.	  This,	  in	  turn,	  requires	  the	  knowledge	  of	  the	  state	  of	  in	  situ	  stress.	  	  
Three	  stages	  in	  the	  evolution	  of	  the	  stress	  field	  in	  the	  Newark	  basin	  were	  
reconstructed	  based	  on	  geologic	  history	  of	  the	  region,	  earthquake	  focal	  plane	  
solutions,	  and	  orientation	  of	  fractures	  and	  borehole	  breakouts	  observed	  at	  sites	  in	  
the	  central	  Newark	  basin	  [Goldberg	  et	  al.,	  2003].	  The	  basin	  underwent	  a	  protracted	  
extension	  in	  the	  NW-­‐SE	  direction	  and	  subsidence	  at	  the	  initial	  rifting	  stage	  in	  the	  
Late	  Triassic,	  followed	  by	  subsequent	  inversion	  to	  a	  compressional	  regime	  along	  the	  
same	  NW-­‐SE	  direction	  in	  the	  Early	  Jurassic.	  This	  inversion	  was	  related	  to	  the	  
initiation	  of	  seafloor	  spreading	  in	  the	  Atlantic	  and	  resulted	  in	  the	  basin	  shortening	  
and	  uplift.	  Finally,	  the	  stresses	  changed	  again	  to	  become	  the	  present-­‐day	  
reverse/strike-­‐slip	  regime	  with	  maximum	  horizontal	  stress	  in	  the	  NE-­‐SW	  direction	  
[Goldberg	  et	  al.,	  2003;	  Zoback,	  1992].	  Insufficient	  quantitative	  information	  on	  the	  









Figure	  23.	  Log-­‐derived	  stratigraphy	  and	  geophysical	  logs	  recorded	  in	  the	  TriCarb	  well.	  
The	  analysis	  interval	  shown	  here	  belongs	  to	  the	  lacustrine	  Upper	  Passaic	  formation;	  
intervals	  with	  predominantly	  sandstone	  to	  siltstone	  lithology	  (SS)	  are	  shown	  in	  
orange,	  siltstone	  to	  mudstone	  (MS)	  –	  in	  red.	  This	  lithology	  is	  inferred	  from	  logs	  since	  
no	  core	  was	  collected	  in	  the	  interval.	  Potential	  injection	  zones	  identified	  by	  TriCarb	  are	  
shown	  in	  blue	  [Collins	  et	  al.,	  2012].	  Geophysical	  logs	  from	  left	  to	  right	  are:	  caliper	  (i.e.	  
the	  borehole	  diameter),	  total	  natural	  gamma	  ray	  activity,	  bulk	  density,	  sonic	  velocities	  
(Vp	  and	  Vs),	  lower-­‐bound	  and	  upper-­‐bound	  formation	  strength	  (Cmin	  and	  Cmax)	  
computed	  from	  Vp	  using	  empirical	  transforms	  [Chang	  et	  al.,	  2006;	  Lal,	  1999],	  borehole	  






2.	  Methods	  	  
2.1	  Wellbore	  failure	  and	  fracture	  analysis	  
Wellbore	  analysis	  and	  identification	  of	  natural	  fractures	  were	  conducted	  
using	  high-­‐resolution	  electrical	  resistivity	  images	  (FMITM,	  trademark	  of	  
Schlumberger)	  collected	  in	  the	  open-­‐hole	  section	  of	  the	  TriCarb	  well	  below	  183	  m	  
depth.	  FMITM	  tool	  has	  spatial	  resolution	  of	  0.5	  cm,	  and	  provides	  about	  75%	  
azimuthal	  coverage	  in	  the	  TriCarb	  borehole	  (nominal	  diameter	  21.25	  cm).	  Four	  
azimuthal	  gaps,	  each	  spanning	  about	  22-­‐25°	  of	  the	  wellbore	  circumference,	  
introduce	  an	  uncertainty	  in	  breakout	  analysis.	  In	  the	  TriCarb	  data,	  however,	  most	  of	  
the	  breakouts	  are	  either	  fully	  imaged	  by	  one	  of	  the	  four	  arms	  of	  the	  FMITM	  tool,	  or	  
are	  wide	  enough	  (30-­‐50°)	  to	  stretch	  over	  the	  image	  gaps.	  Overall,	  the	  processed	  
images	  are	  of	  excellent	  quality	  (e.g.,	  Figure	  26A)	  and	  the	  uncertainty	  in	  visual	  
breakout	  orientation	  is	  on	  the	  order	  of	  a	  few	  degrees.	  	  
	  
Figure	  24.	  Schematic	  illustration	  of	  non-­‐catastrophic	  borehole	  failures	  (A,	  a	  3D	  view)	  
and	  stress	  distribution	  at	  the	  wellbore	  (B,	  a	  cross-­‐section),	  after	  Anderson	  et	  al.	  [2003]	  





In	  situ	  stress	  analysis	  in	  the	  TriCarb	  well	  was	  conducted	  using	  observations	  
of	  non-­‐catastrophic	  wellbore	  failures	  produced	  by	  effective	  stress	  concentrations	  at	  
the	  borehole	  wall	  (Figure	  24)	  [Zoback,	  2010].	  Only	  compressive	  failures,	  i.e.	  
breakouts,	  but	  no	  drilling-­‐induced	  fractures	  were	  observed	  in	  the	  TriCarb	  well.	  
Stress	  analysis	  interval	  is	  limited	  to	  the	  depth	  interval	  where	  breakouts	  occur,	  from	  
460	  m	  to	  1400	  m.	  
2.2	  Evaluation	  of	  the	  formation	  strength	  
The	  formation	  strength,	  C,	  is	  needed	  to	  estimate	  the	  magnitude	  of	  stress	  from	  
borehole	  failure	  measurements	  [Barton	  et	  al.,	  1988;	  Moos	  and	  Zoback,	  1990].	  When	  
core	  samples	  are	  available,	  it	  can	  be	  measured	  by	  uniaxial	  compressive	  test;	  
however,	  a	  series	  of	  triaxial	  tests	  is	  preferable	  to	  avoid	  the	  axial	  splitting	  of	  the	  
samples	  frequently	  occurring	  during	  uniaxial	  tests	  [Zoback,	  2010].	  Based	  on	  a	  series	  
of	  confined	  triaxial	  compression	  tests	  on	  sidewall	  cores	  from	  the	  TriCarb	  well,	  the	  
average	  unconfined	  compressive	  strength	  (UCS)	  for	  samples	  with	  XRD	  clay	  content	  
over	  20%	  is	  41	  MPa	  (Figure	  25A)	  [Zakharova	  et	  al.,	  2013].	  Breakouts	  in	  the	  TriCarb	  
well	  developed	  only	  in	  clay-­‐rich	  layers,	  so	  this	  analysis	  constrains	  the	  formation	  
strength	  within	  these	  weak	  clay-­‐rich	  layers.	  Given	  these	  limited	  laboratory	  data,	  a	  
continuous	  UCS	  profile	  with	  depth	  in	  this	  well	  is	  estimated	  using	  the	  measured	  sonic	  
velocity	  log	  (Figure	  23)	  and	  an	  empirical	  Vp-­‐UCS	  transform	  for	  shaly	  formations,	  
which	  is	  based	  on	  the	  relationship	  between	  the	  elastic	  moduli	  and	  rock	  strength	  
[Chang	  et	  al.,	  2006].	  The	  lower	  and	  upper	  bounds	  for	  rock	  strength	  are	  estimated	  





Vp	  values	  (Figure	  25B)	  [Chang	  et	  al.,	  2006;	  Lal,	  1999].	  The	  computed	  UCS	  values	  in	  
the	  well	  range	  between	  35-­‐45	  MPa	  at	  a	  depth	  of	  460	  m	  to	  50-­‐80	  MPa	  at	  1400	  m	  
(Figure	  23).	  These	  strength	  values	  also	  satisfy	  the	  failure	  criteria	  for	  the	  first	  
occurrence	  of	  breakouts	  at	  the	  depth	  of	  ~460	  m	  as	  observed	  in	  the	  FMITM	  images	  
(Figure	  28B).	  	  
	  
Figure	  25.	  Constraints	  on	  unconfined	  compressive	  strength	  (UCS):	  A	  –	  UCS	  value	  
projected	  from	  a	  series	  of	  confined	  triaxial	  tests	  on	  4	  clay-­‐rich	  sidewall	  cores	  from	  the	  
TriCarb	  well.	  B	  –	  Empirical	  relations	  from	  Chang	  et	  al.	  [2006]	  between	  UCS	  and	  sonic	  
velocity	  Vp	  and/or	  its	  equivalent,	  interval	  transit	  time	  DT.	  The	  dots	  indicate	  
laboratory	  measurements	  on	  the	  4	  clay-­‐rich	  sidewall	  cores	  from	  the	  TriCarb	  well.	  Two	  
empirical	  relations	  used	  to	  constraint	  UCS	  from	  sonic	  logs	  in	  this	  study	  are	  marked	  
Cmin	  and	  Cmax.	  Laboratory	  measurements	  curtsey	  of	  Weatherford	  Laboratories.	  
	  
2.3	  Constraints	  on	  in	  situ	  stress	  
The	  vertical	  stress	  (Sv)	  in	  the	  TriCarb	  well	  was	  calculated	  by	  integration	  of	  
the	  density	  log,	  corrected	  for	  environmental	  conditions	  in	  the	  borehole	  and	  filtered	  
to	  remove	  anomalous	  data	  spikes:	  	  	  	   	  !! = ! ! !"#
!
! 	   	   	   (1),	  	  
where	  ρ(z)	  is	  density	  as	  a	  function	  of	  depth	  z,	  g	  is	  the	  acceleration	  of	  gravity.	  To	  
exclude	  measurements	  potentially	  influenced	  by	  poor	  borehole	  conditions,	  values	  





diameter	  over	  30	  cm	  (~40%	  enlargement	  from	  the	  nominal	  diameter	  of	  21.25	  cm)	  
were	  excluded	  from	  Sv	  calculation	  (Figure	  23).	  	  
The	  permissible	  range	  of	  horizontal	  stress	  magnitudes	  in	  the	  shallow	  brittle	  
crust	  is	  limited	  by	  its	  frictional	  strength	  [Zoback,	  2010].	  Since	  the	  crust	  contains	  
widely	  distributed	  discontinuities,	  the	  stresses	  cannot	  exceed	  the	  frictional	  strength	  
of	  these	  preexisting	  fractures	  and	  faults.	  Based	  on	  Coulomb	  faulting	  theory,	  Jaeger	  et	  
al.	  [2007]	  derived	  a	  simple	  relationship	  for	  the	  limiting	  ratio	  of	  maximum	  and	  
minimum	  principal	  effective	  stress	  (σ1	  and	  σ2):	   	   	  
σ1/σ3	  =	  (S1-­‐Pp)	  /	  (S3-­‐Pp)	  =	  ((μ2+1)1/2	  +μ)2	   	   (2),	  
Where	  Pp	  is	  pore	  pressure,	  and	  μ	  is	  the	  coefficients	  of	  friction.	  The	  maximum	  
allowable	  difference	  in	  principal	  stress	  magnitudes	  for	  a	  given	  depth	  (i.e.,	  Sv)	  and	  
the	  pore	  pressure	  will	  depend	  on	  the	  presence	  of	  a	  normal	  (N),	  strike-­‐skip	  (SS),	  or	  
reverse	  faulting	  (RF)	  environment	  that	  determines	  which	  of	  the	  principal	  stresses	  
(i.e.,	  SHmax,	  Shmin,	  or	  Sv)	  corresponds	  to	  S1,	  S2,	  and	  S3.	  Unless	  severe	  overpressure	  
exists	  in	  the	  formation,	  Eq.	  (2)	  yields	  a	  relatively	  large	  range	  of	  possible	  stress	  
magnitudes	  (e.g.,	  the	  blue	  polygon	  in	  Figure	  28B).	  Combined	  with	  wellbore	  failure	  
modeling	  however,	  this	  analysis	  is	  essential	  for	  evaluation	  of	  the	  in	  situ	  stress	  state.	  	  	  
To	  determine	  the	  conditions	  for	  breakout	  formation,	  the	  hoop	  stress	  at	  the	  
wellbore	  (Figure	  24B)	  is	  described	  in	  cylindrical	  coordinates	  by	  the	  following	  
equation:	  	  	  	  σθθ	  =	  SHmax	  +	  Shmin	  –	  2(SHmax	  -­‐	  Shmin)cos2θ	  –	  2Pp	  –ΔP	  –	  σΔT	   	   (3),	  
where	  ΔP	  is	  the	  difference	  between	  the	  mud	  weight	  in	  the	  wellbore	  and	  the	  pore	  





temperature	  and	  formation	  temperature,	  and	  θ	  is	  the	  angle	  around	  borehole	  
measured	  from	  the	  azimuth	  of	  SHmax	  [Zoback,	  2010].	  At	  the	  point	  of	  maximum	  stress	  
concentration,	  i.e.,	  θ=90°	  and	  θ=270°,	  
σθθmax	  =	  3SHmax	  -­‐	  Shmin	  –	  2Pp	  –ΔP	  –	  σΔT	   	   (4).	  
Whereas,	  at	  the	  point	  of	  minimum	  compression,	  i.e.,	  θ=0°	  and	  θ=180°,	  
σθθmin	  =	  3Shmin	  –	  SHmax	  –	  2Pp	  –	  ΔP	  –	  σΔT	   	   (5).	  
In	  the	  simple	  elastic	  Mohr-­‐Coulomb	  analysis,	  compressive	  failure	  (i.e.,	  BO)	  
will	  occur	  at	  the	  azimuth	  of	  Shmin	  when	  the	  stress	  concentration	  at	  the	  wellbore	  
exceeds	  the	  compressive	  rock	  strength	  C	  [Moos	  and	  Zoback,	  1990].	  	  That	  is,	  where	  
σθθmax≥C,	  or	  	  	  	  SHmax	  ≥	  1/3(C	  +	  Shmin	  +	  2Pp	  +	  ΔP	  +	  σΔT)	   (6).	  
If	  effective	  stress	  around	  a	  borehole	  is	  so	  high	  that	  even	  the	  minimum	  hoop	  
stress	  exceeds	  the	  compressive	  rock	  strength,	  then	  BO	  would	  form	  at	  all	  azimuths.	  	  
This	  condition	  can	  be	  described	  by:	  	  Shmin	  ≥	  1/3(C	  +	  SHmax	  +	  2Pp	  +	  ΔP	  +	  σΔT)	   (7).	  
Thus,	  in	  typical	  occurrences	  where	  symmetric	  breakouts	  are	  observed	  in	  
borehole	  images	  at	  the	  azimuth	  of	  Shmin,	  the	  possible	  range	  of	  Shmin	  and	  SHmax	  is	  
constrained	  by	  Eq.	  (6)	  and	  (7).	  If	  no	  breakouts	  form	  at	  the	  wellbore,	  the	  maximum	  
stress	  limit	  is	  described	  by	  Eq.	  (6).	  
For	  a	  given	  value	  of	  Shmin,	  the	  magnitude	  of	  SHmax	  can	  be	  further	  constrained	  
from	  observation	  of	  breakout	  width:	  
SHmax	  =	  (C	  +	  2Pp	  +	  ΔP	  +	  σΔT)/(1-­‐2cos(π-­‐2wbo))	  –	  	  





where	  2wbo	  is	  the	  breakout	  width.	  This	  equation	  is	  derived	  from	  Eq.	  (3)	  taking	  σθθ	  =	  
C	  and	  given	  θ	  =	  π/2-­‐wbo	  [Barton	  et	  al.,	  1988].	  	  
No	  evidence	  for	  over-­‐	  or	  under-­‐pressure	  was	  encountered	  during	  drilling	  of	  
the	  TriCarb	  borehole.	  Pore	  pressure	  (Pp)	  is	  therefore	  assumed	  to	  be	  hydrostatic.	  The	  
effect	  of	  mud	  weight	  (ΔP),	  though	  not	  a	  significant	  factor	  due	  to	  small	  density	  
difference	  with	  the	  formation	  fluid,	  was	  also	  included	  in	  the	  borehole	  stresses	  
calculation.	  A	  low	  geothermal	  gradient	  in	  this	  part	  of	  the	  basin	  and	  a	  closed	  mud-­‐
circulation	  system	  used	  during	  drilling	  minimized	  the	  difference	  between	  drilling	  
mud	  and	  formation	  fluid	  temperatures	  and	  the	  potential	  for	  differential	  thermal	  
stresses.	  Therefore,	  for	  this	  study,	  I	  assumed	  σΔT	  =0.	  	  	  
Full	  description	  of	  the	  methodology	  for	  determining	  stress	  orientation	  and	  
magnitude	  based	  on	  borehole	  failure	  modes	  can	  be	  found	  in	  Zoback	  et	  al.	  [2003]	  and	  
Zoback	  [2010].	  	  
2.4	  Effect	  of	  borehole	  inclination	  on	  stress	  analysis	  
In	  a	  vertical	  borehole	  and	  in	  isotropic	  formations,	  breakouts	  form	  at	  the	  
orientation	  of	  Shmin,	  where	  the	  compressive	  stress	  at	  the	  wellbore	  is	  the	  highest	  
[Zoback,	  2010].	  In	  a	  deviated	  borehole	  and/or	  in	  anisotropic	  formations,	  the	  
distribution	  of	  stresses	  at	  the	  borehole	  wall,	  and	  thus,	  breakout	  orientation,	  
depends	  on	  the	  orientation	  of	  the	  stress	  field,	  anisotropy	  direction,	  and	  the	  borehole	  
deviation.	  The	  full	  stress	  tensor	  transformation	  by	  Peška	  and	  Zoback	  [1995]	  was	  
used	  to	  model	  stress	  distribution	  for	  an	  arbitrarily	  deviated	  well	  and	  a	  given	  far-­‐





breakout	  orientation.	  Due	  to	  a	  lack	  of	  quantitative	  information	  about	  formation	  
anisotropy,	  it	  was	  not	  explicitly	  incorporated	  in	  the	  borehole	  stress	  modeling,	  but	  
the	  effect	  of	  bedding	  anisotropy	  on	  breakout	  orientation	  and	  the	  potential	  influence	  
of	  anisotropy	  on	  breakout	  formation	  are	  qualitatively	  discussed	  in	  Section	  5.	  
3.	  Analysis	  and	  Results	  
3.1	  Wellbore	  image	  analysis	  
Wellbore	  breakouts	  are	  consistently	  observed	  from	  460	  to	  1400	  m	  (Figure	  
26),	  and	  tend	  to	  occur	  in	  distinct	  intervals	  with	  low	  resistivity	  and	  high	  gamma-­‐ray	  
activity,	  corresponding	  to	  greater	  shale/clay	  content,	  i.e.	  mudstone	  layers	  
[Zakharova	  et	  al.,	  2013].	  The	  upper	  depth	  of	  breakout	  occurrence	  does	  not	  
correspond	  to	  any	  significant	  lithological	  changes,	  but	  rather	  indicates	  the	  depth	  at	  
which	  stress	  concentrations	  around	  the	  wellbore	  begin	  to	  exceed	  formation	  
strength.	  The	  bottom	  depth	  of	  breakout	  occurrence,	  however,	  seems	  to	  correspond	  
to	  the	  transition	  to	  the	  Lower	  Passaic	  formation,	  characterized	  by	  a	  downward	  
decrease	  in	  the	  number	  of	  red	  beds	  [Olsen	  et	  al.,	  1996].	  Also,	  at	  this	  site,	  this	  
boundary	  is	  characterized	  by	  a	  gradual	  increase	  in	  sonic	  velocity	  and	  rock	  strength	  
(Figure	  2).	  	  In	  the	  vertical	  interval	  of	  the	  borehole	  (450-­‐760	  m),	  breakouts	  strike	  
N169±9°,	  indicating	  ENE	  direction	  (~N79±9°)	  for	  the	  maximum	  horizontal	  stress	  
(Figure	  26,	  B	  &	  C).	  At	  two	  depths	  in	  the	  lower	  interval,	  the	  observed	  breakouts	  
rotate	  significantly	  from	  this	  orientation:	  to	  N137±9°	  at	  760	  m	  and	  to	  N115±8°	  at	  





do	  not	  appear	  to	  correspond	  to	  any	  other	  particular	  features	  in	  the	  FMITM	  images.	  
On	  average,	  breakout	  width	  decreases	  with	  depth	  over	  this	  interval	  from	  about	  49°	  
to	  37°	  degrees	  (Figure	  3B).	  Based	  on	  these	  observations,	  three	  distinct	  intervals	  to	  
consider	  with	  changes	  in	  stress	  orientations	  are	  identified:	  	  Zone	  I	  at	  450-­‐760	  m	  
(SHmax	  striking	  ~N80°),	  Zone	  II	  at	  760-­‐1180	  m	  (SHmax	  striking	  ~N45°),	  and	  Zone	  III	  at	  
1180-­‐1400	  m	  (SHmax	  striking	  ~N25°)	  (Figure	  26C).	  
	  
Figure	  26.	  Wellbore	  breakouts	  and	  natural	  fractures	  in	  the	  TriCarb	  well:	  A	  –	  a	  
representative	  section	  of	  interpreted	  FMITM	  image;	  B	  –	  breakouts	  position	  and	  width	  
as	  a	  function	  of	  depth;	  histograms	  summarize	  breakouts	  statistics	  for	  three	  depth	  
intervals	  with	  distinctly	  different	  breakouts	  orientation	  (Zones	  I-­‐III);	  C	  –	  orientation	  of	  
natural	  fractures	  for	  the	  same	  three	  intervals	  (red	  dots	  represent	  poles	  to	  fracture	  
planes	  in	  the	  equal-­‐angle	  low-­‐hemisphere	  projection);	  black	  arrows	  indicate	  the	  
maximum	  horizontal	  stress	  orientation	  inferred	  from	  breakout	  observation.	  (Prepared	  






Natural	  fractures	  occur	  at	  all	  depths	  in	  the	  TriCarb	  well.	  They	  are	  most	  
abundant	  at	  650-­‐760	  m	  and	  below	  1300	  m	  (Figure	  23).	  No	  detectable	  displacement	  
was	  observed	  on	  any	  of	  the	  fractures.	  The	  majority	  of	  fractures	  fall	  in	  two	  sets:	  high-­‐
angle	  fractures	  striking	  NE-­‐SW	  and	  sub-­‐horizontal	  fractures	  dipping	  NW	  (Figure	  
26C),	  consistent	  with	  the	  prevalent	  fracture	  orientation	  determined	  in	  other	  
borehole	  studies	  in	  the	  northern	  Newark	  Basin	  [Goldberg	  et	  al.,	  2003;	  Matter	  et	  al.,	  
2006;	  Zakharova	  et	  al.,	  2011].	  Formation	  of	  steeply	  dipping	  extensional	  fractures	  is	  
attributed	  to	  the	  initial	  rifting	  phase	  of	  the	  Newark	  Basin	  with	  the	  principal	  
extension	  in	  the	  NW-­‐SE	  direction;	  the	  population	  of	  subhorizontal	  fractures	  likely	  
developed	  during	  subsequent	  basin	  uplift	  and	  exhumation	  [Goldberg	  et	  al.,	  2003].	  
However,	  fracture	  orientation	  in	  the	  TriCarb	  well	  differs	  considerably	  with	  depth	  
(Figure	  26C).	  In	  Zone	  I,	  fractures	  strike	  in	  nearly	  the	  E-­‐W	  direction.	  In	  Zone	  II,	  
fracture	  orientations	  are	  more	  scattered	  and	  on	  average	  strike	  NE-­‐SW.	  In	  Zone	  III,	  
fracture	  orientations	  form	  two	  tight	  sets,	  with	  sub-­‐horizontal	  and	  sub-­‐vertical	  
fracture	  planes	  that	  strike	  NNE-­‐SSW.	  This	  change	  in	  fracture	  orientations	  with	  
depth	  matches	  closely	  to	  the	  pattern	  of	  observed	  breakout	  rotation	  and	  is	  consistent	  
with	  the	  maximum	  horizontal	  stress	  rotation	  from	  N80°	  to	  N45°	  to	  N25°	  in	  Zone	  I-­‐
III,	  respectively.	  	  
3.2	  Borehole	  stress	  modeling	  
In	  the	  deviated	  interval	  of	  the	  TriCarb	  well,	  significant	  changes	  in	  breakout	  
orientation	  are	  observed	  at	  760	  and	  1180	  m	  depths	  (Figure	  26B).	  These	  changes	  





order	  to	  distinguish	  between	  them,	  borehole	  stress	  distribution	  and	  breakout	  
orientation	  can	  be	  modeled	  for	  various	  stress	  directions	  and	  the	  known	  deviation	  of	  
the	  TriCarb	  well	  [Peška	  and	  Zoback,	  1995].	  Two	  hypothetical	  end-­‐member	  cases	  are	  
considered:	  (a)	  the	  horizontal	  stress	  orientation	  remains	  constant	  in	  the	  400-­‐1400	  
m	  interval	  (SHmax	  striking	  ~	  N80°)	  and	  the	  apparent	  rotation	  of	  breakouts	  is	  
produced	  by	  the	  changes	  in	  borehole	  trajectory;	  and,	  (b)	  the	  orientation	  of	  the	  
principal	  horizontal	  stress	  changes	  at	  depths	  of	  760	  and	  1180	  m	  and	  causes	  the	  
observed	  breakout	  rotation.	  Figure	  27	  shows	  the	  results	  of	  borehole	  stress	  
modeling	  for	  these	  two	  hypothetical	  conditions.	  The	  model	  is	  computed	  at	  a	  depth	  
of	  1100	  m,	  where	  the	  greatest	  deviation	  of	  25°	  from	  vertical	  exists	  in	  the	  TriCarb	  
well	  (Figure	  23).	  Figure	  27A,B	  illustrates	  the	  principal	  stress	  components	  at	  the	  
borehole	  wall	  as	  a	  function	  of	  azimuth.	  Breakouts	  may	  form	  at	  any	  azimuth	  where	  
the	  stress	  components	  exceed	  the	  formation	  strength	  envelope,	  i.e.	  the	  critical	  stress	  
level.	  For	  case	  (a),	  the	  stress	  orientation	  at	  1100	  m	  depth	  is	  assumed	  to	  be	  the	  same	  
as	  in	  the	  shallower	  interval	  (400-­‐700	  m)	  where	  borehole	  is	  vertical	  and	  the	  azimuth	  
of	  SHmax	  is	  N80°.	  In	  this	  case,	  breakouts	  would	  form	  at	  17°	  and	  197°	  from	  the	  bottom	  
side	  of	  the	  hole,	  equivalent	  to	  geographic	  azimuth	  of	  N169°	  (Figure	  27A).	  This	  
orientation	  does	  not	  agree	  with	  the	  observed	  breakouts	  at	  N137°±9°	  (Figure	  26B),	  
and	  therefore,	  case	  (a)	  is	  dismissed.	  For	  case	  (b),	  the	  stress	  orientation	  at	  1100	  m	  
would	  be	  rotated	  to	  SHmax	  ~N45°.	  Here,	  the	  predicted	  position	  of	  borehole	  breakouts	  
is	  167°	  and	  349°	  from	  the	  bottom	  side	  of	  the	  hole,	  equivalent	  to	  geographic	  azimuth	  






Figure	  27.	  Borehole	  stress	  and	  breakout	  orientation	  accounting	  for	  the	  off-­‐vertical	  
deviation	  of	  the	  TriCarb	  well	  (prepared	  using	  GMITM	  software).	  A	  &	  B	  -­‐	  effective	  stress	  
components	  at	  the	  borehole	  wall	  at	  a	  depth	  of	  1100	  m	  (stmin	  and	  stmax	  are	  tangential	  
to	  borehole	  wall,	  srr	  is	  normal).	  The	  critical	  stress	  represents	  the	  strength	  envelope,	  i.e.	  
the	  lower	  stress	  limit	  for	  compressive	  failure.	  Borehole	  breakouts	  form	  at	  all	  azimuths	  
where	  borehole	  stress	  exceeds	  the	  critical	  value	  (purple	  shading).	  Only	  case	  B	  that	  
assumes	  SHmax	  rotation	  to	  45°	  in	  Zone	  II	  can	  explain	  the	  observed	  breakout	  position.	  C	  
&	  D	  -­‐	  stereonets	  illustrating	  the	  effect	  of	  borehole	  deviation	  on	  breakouts	  position	  for	  
all	  possible	  borehole	  trajectories	  (‘looking	  down	  the	  hole’	  projection:	  the	  view	  point	  is	  
in	  the	  center	  of	  the	  plot;	  borehole	  inclination	  increases	  radially	  from	  the	  center	  
outward,	  the	  center	  of	  each	  plot	  corresponds	  to	  a	  vertical	  borehole,	  the	  circumference	  
–	  to	  horizontal	  boreholes	  of	  various	  deviation	  azimuths;	  breakout	  position	  is	  plotted	  in	  
blue	  with	  15°-­‐step).	  Stars	  indicate	  the	  orientation	  of	  the	  TriCarb	  well.	  Note	  that	  






Comprehensive	  modeling	  of	  all	  plausible	  orientations	  of	  SHmax	  in	  the	  region	  
(i.e.	  N10-­‐90°)	  indicate	  that	  the	  stress	  distributions	  and	  breakout	  orientation	  at	  
different	  depths	  in	  this	  well	  are	  negligibly	  affected	  by	  borehole	  deviation	  (Figure	  27,	  
C&D).	  These	  modeling	  results	  are	  consistent	  with	  other	  studies	  demonstrating	  that	  
the	  greatest	  changes	  in	  breakout	  orientation	  due	  to	  borehole	  inclination	  occur	  when	  
the	  borehole	  deviates	  in	  the	  plane	  parallel	  to	  SHmax	  [Peška	  and	  Zoback,	  1995].	  For	  
deviations	  in	  the	  plane	  parallel	  to	  the	  Shmin	  direction,	  such	  as	  for	  the	  TriCarb	  well,	  
the	  borehole	  inclination	  has	  little	  effect	  on	  breakout	  position.	  Based	  on	  the	  observed	  
rotation	  of	  borehole	  breakouts	  in	  this	  case,	  the	  direction	  of	  SHmax	  is	  inferred	  to	  rotate	  
from	  ~N80°	  to	  N45°	  at	  760	  and	  from	  N45°	  to	  N25°	  at	  1180	  m.	  
3.3	  Stress	  Magnitude	  and	  Fracture	  Stability	  	  
Figure	  28	  illustrates	  the	  in	  situ	  profile	  of	  crustal	  stress	  magnitude	  
constrained	  by	  observed	  breakout	  width	  and	  the	  frictional	  strength	  of	  the	  crust	  
(μ=0.6,	  [Zoback	  et	  al.,	  2003]).	  High	  horizontal	  compressive	  stresses	  indicate	  a	  
reverse	  faulting/strike-­‐slip	  stress	  regime,	  consistent	  with	  regional	  stress	  
information	  from	  previous	  studies	  [Du	  et	  al.,	  2003;	  Goldberg	  et	  al.,	  2003].	  At	  this	  site,	  
the	  minimum	  horizontal	  stress	  magnitude	  varies	  from	  10–25	  MPa	  at	  ~450	  m	  to	  20–
50	  MPa	  at	  ~1350	  m.	  Figure	  28(A&C)	  also	  illustrates	  an	  important	  trend	  in	  the	  
relative	  stress	  magnitudes	  versus	  depth	  –	  horizontal	  stresses	  decrease	  steadily	  with	  
respect	  to	  the	  vertical	  stress	  –	  resulting	  in	  a	  gradual	  transition	  from	  a	  reverse	  
faulting	  (RF)	  to	  reverse	  faulting/strike-­‐slip	  (RF/SS)	  stress	  regime.	  Moos	  and	  Zoback	  	  






Figure	  28.	  In	  situ	  stress	  constrained	  from	  the	  width	  of	  borehole	  breakouts	  and	  
frictional	  failure	  limit	  of	  the	  crust	  (μ=0.6).	  A	  –	  Depth	  profile	  of	  the	  permissible	  ranges	  
for	  the	  minimum	  (Shmin)	  and	  maximum	  (SHmax)	  principal	  horizontal	  stresses,	  the	  
hydrostatic	  pore	  pressure	  (Pp)	  and	  the	  vertical	  principal	  stress	  (Sv)	  at	  the	  TriCarb	  site.	  
Blue	  dots	  indicate	  the	  maximum	  pressure	  level	  for	  two	  attempted	  minifrac	  tests	  
(terminated	  before	  reaching	  a	  leak-­‐off	  point).	  B	  –	  Constraints	  on	  the	  horizontal	  
stresses	  for	  a	  given	  depth	  illustrating	  how	  Shmin	  and	  SHmax	  ranges	  in	  A	  were	  computed.	  
The	  blue	  polygon	  outlines	  crustal	  frictional	  limits	  for	  the	  three	  potential	  stress	  regimes	  
(RF	  –	  reverse	  faulting,	  SS	  –	  strike-­‐slip,	  NF	  –	  normal	  faulting.)	  The	  red	  lines	  represent	  
breakout	  formation	  criteria	  for	  a	  given	  depth,	  breakout	  width,	  and	  the	  range	  of	  rock	  
strength	  (C)	  computed	  from	  Vp	  log.	  The	  shaded	  area	  represents	  permissible	  range	  of	  
horizontal	  stresses.	  Note	  that	  the	  stress	  ranges	  projected	  on	  the	  axis	  slightly	  
overestimate	  the	  actual	  permissible	  stress	  region	  due	  to	  its	  irregular	  shape.	  C	  –	  
Magnitudes	  of	  horizontal	  stress	  at	  different	  depths	  normalized	  to	  Sv	  illustrate	  a	  





	  stress	  field	  in	  the	  southeastern	  Unite	  States	  that	  does	  not	  extend	  to	  greater	  depths.	  
In	  the	  TriCarb	  well,	  horizontal	  principal	  stresses	  also	  become	  significantly	  lower	  
with	  depth	  than	  the	  RF	  strength	  limit	  (Figure	  28A),	  but	  both	  reverse	  faulting	  and	  
strike-­‐slip	  regimes	  are	  feasible	  in	  this	  environment	  (Figure	  28C).	  Without	  an	  
independent	  measurement	  of	  Shmin,	  the	  range	  of	  permissible	  horizontal	  stresses	  is	  
large	  and	  the	  in	  situ	  stress	  regime	  cannot	  be	  unequivocally	  determined.	  
Given	  the	  range	  of	  permissible	  Shmin	  values	  identified	  in	  Figure	  5,	  the	  stability	  
of	  natural	  fractures	  is	  evaluated	  for	  two	  end-­‐member	  cases	  representing	  the	  lower	  
and	  upper	  bounds	  of	  the	  Shmin	  range.	  Figure	  29	  illustrates	  these	  two	  cases,	  
corresponding	  to	  strike-­‐slip	  and	  reverse	  faulting	  regimes,	  respectively.	  In	  both	  
scenarios,	  the	  shallow	  interval	  at	  500	  m	  depth	  is	  critically	  stressed,	  and	  therefore,	  a	  
small	  change	  in	  the	  effective	  stress	  potentially	  caused	  by	  elevated	  pore	  pressure	  
would	  induce	  failure	  on	  favorably	  oriented	  fractures	  or	  faults.	  Assuming	  Coulomb	  
failure,	  sub-­‐vertical	  fractures	  striking	  parallel	  to	  SHmax	  are	  most	  favorably	  oriented	  
to	  slip	  in	  a	  strike-­‐slip	  stress	  regime,	  while	  low-­‐angle	  fractures	  dipping	  parallel	  to	  
SHmax	  are	  favorably	  oriented	  to	  slip	  in	  a	  reverse	  faulting	  stress	  regime.	  Both	  fracture	  
orientations	  occur	  in	  Zone	  I	  from	  450-­‐760	  m	  depth	  in	  the	  TriCarb	  well	  (Figure	  26C).	  
This	  depth	  interval	  would	  therefore	  be	  at	  risk	  if	  CO2	  injection	  were	  conducted.	  The	  
deeper	  intervals	  in	  this	  well,	  however,	  could	  potentially	  accommodate	  a	  significant	  
pore	  pressure	  increase.	  The	  critical	  pore	  pressure	  increase	  (ΔPp)	  that	  could	  be	  
accommodated	  during	  CO2	  injection	  is	  strongly	  related	  to	  Shmin.	  In	  the	  low-­‐bound	  





oriented	  fractures	  would	  slip	  with	  a	  small	  (1-­‐2	  MPa)	  increases	  in	  pore	  pressure	  
(Figure	  6A).	  In	  the	  upper-­‐bound	  Shmin	  scenario,	  i.e.	  a	  reverse-­‐faulting	  stress	  regime,	  
much	  higher	  pore	  pressures	  could	  be	  introduced	  without	  causing	  fracture	  slip.	  The	  
critical	  values	  are	  as	  high	  as	  ΔPp	  =12	  MPa	  in	  Zone	  II	  (760-­‐1180	  m)	  and	  17	  MPa	  in	  
Zone	  III	  (1180-­‐1400	  m)	  for	  the	  limiting	  case	  of	  Shmin	  ≈	  SHmax	  (Figure	  29B).	  For	  
intermediate	  stress	  values	  in	  the	  Shmin	  range	  corresponding	  to	  a	  reverse-­‐faulting	  
stress	  regime	  (Sv<	  Shmin	  <	  SHmax),	  the	  critical	  pore	  pressure	  increase	  during	  CO2	  
injection	  without	  causing	  frictional	  failure	  is	  estimated	  to	  be	  10	  MPa	  or	  above.	  
	  
Figure	  29.	  Stability	  of	  natural	  fractures	  for	  two	  end-­‐member	  stress	  profiles	  in	  the	  
TriCarb	  well:	  A	  –	  low-­‐bound	  Shmin,	  strike-­‐slip	  regime;	  B	  –	  upper-­‐bound	  Shmin,	  reverse-­‐
faulting	  regime	  (prepared	  using	  GMITM	  software).	  3D	  Mohr	  diagrams	  represent	  
effective	  stresses	  on	  fracture	  planes	  identified	  in	  FMI	  images	  for	  the	  three	  depth	  zones	  
under	  ambient	  conditions	  (hydrostatic	  pore	  pressure).	  The	  red	  lines	  indicate	  Coulomb	  
failure	  limit	  for	  each	  zone;	  a	  critical	  pore	  pressure	  increase	  required	  to	  reach	  the	  
failure	  limit	  in	  each	  zone	  is	  labeled	  in	  red.	  
MPa
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4.1	  Stress	  regimes	  in	  the	  Northern	  Newark	  Basin	  
Depth-­‐dependent	  variations	  in	  breakout	  azimuth	  are	  often	  linked	  to	  stress	  
fluctuations	  associated	  with	  active	  faults	  penetrated	  by	  a	  drill	  hole	  [Shamir	  and	  
Zoback,	  1992].	  This	  phenomenon	  was	  observed	  in	  a	  variety	  of	  tectonic	  settings	  and	  
lithologies	  and	  is	  attributed	  to	  a	  nearly	  complete,	  localized	  stress	  drop	  in	  the	  vicinity	  
of	  a	  ruptured	  fault	  [Barton	  and	  Zoback,	  1994].	  When	  a	  fault-­‐induced	  stress	  
perturbation	  occurs,	  the	  magnitude	  and	  azimuth	  of	  the	  total	  tangential	  stress	  at	  the	  
borehole	  wall	  are	  predicted	  to	  vary	  over	  a	  distance	  comparable	  to	  the	  fault	  
dimension	  [Shamir	  and	  Zoback,	  1992].	  The	  pattern	  and	  scale	  of	  breakout	  rotations	  
in	  the	  TriCarb	  well	  and	  the	  overall	  decrease	  in	  stress	  magnitudes	  versus	  depth	  
suggest	  that	  in	  situ	  stresses	  at	  the	  locality	  may	  have	  been	  released	  by	  prior	  
earthquakes	  on	  faults	  tens	  to	  hundreds	  meters	  long.	  A	  number	  of	  small	  seismic	  
events	  have	  been	  recorded	  in	  the	  area	  [Du	  et	  al.,	  2003;	  Sykes	  et	  al.,	  2008],	  and	  recent	  
studies	  suggest	  that	  earthquakes	  may	  occur	  on	  stable	  cratons	  and	  on	  passive	  
continental	  margins	  [Sperner	  et	  al.,	  2003;	  Zoback,	  1992].	  A	  2D	  reflection	  seismic	  
profile	  across	  the	  TriCarb	  site	  exhibits	  two	  bright	  horizons	  that	  are	  disrupted	  in	  the	  
vicinity	  of	  the	  borehole,	  potentially	  indicating	  presence	  of	  faults	  (Figure	  30).	  These	  
disruptions	  occur	  at	  about	  the	  same	  depths	  as	  the	  inferred	  changes	  in	  the	  horizontal	  
stress	  orientation	  from	  borehole	  breakouts	  	  (~800	  and	  1200	  m).	  The	  2D	  seismic	  
data,	  however,	  were	  recorded	  in	  a	  very	  noisy	  environment,	  and	  the	  quality	  of	  the	  





2011].	  The	  migrated	  seismic	  image,	  however,	  suggests	  the	  presence	  of	  fault-­‐like	  
discontinuities	  in	  the	  depth	  interval	  of	  interest	  (Figure	  30B).	  	  
In	  order	  to	  accurately	  predict	  the	  risk	  of	  induced	  seismicity	  for	  potential	  
reservoirs	  in	  the	  northern	  Newark	  Basin,	  a	  precise	  knowledge	  of	  the	  magnitude	  of	  
the	  in	  situ	  horizontal	  stresses	  is	  required.	  Borehole	  breakout	  analysis	  only	  
constrains	  SHmax	  if	  the	  magnitude	  of	  Shmin	  is	  known	  [Zoback	  et	  al.,	  2003].	  One	  
standard	  technique	  for	  measuring	  Shmin	  is	  hydraulic	  fracturing	  in	  a	  borehole.	  Two	  
such	  ‘minifrac’	  tests	  were	  attempted	  at	  892	  and	  1070	  m	  in	  the	  TriCarb	  well,	  but	  did	  
not	  achieve	  pressure	  leak-­‐off	  at	  the	  failure	  point	  and	  were	  terminated	  at	  38	  and	  40	  
MPa,	  respectively.	  These	  two	  failed	  tests	  indicate	  that	  the	  formation	  has	  large	  tensile	  
strength	  and/or	  a	  large	  minimum	  principal	  stress.	  Treated	  as	  limit	  tests,	  they	  
suggest	  that	  the	  Shmin	  magnitude	  is	  close	  to	  the	  upper	  bound	  of	  the	  estimated	  range	  
(40–45	  MPa),	  and	  indicate	  that	  the	  formations	  can	  support	  a	  reverse-­‐faulting	  stress	  
regime	  at	  all	  depth.	  A	  prevalence	  of	  reverse-­‐faulting	  mechanisms	  for	  earthquake	  
focal	  plane	  solutions	  exists	  in	  the	  region	  [Du	  et	  al.,	  2003].	  Thus,	  a	  reverse-­‐faulting	  
stress	  regime	  with	  the	  estimated	  upper-­‐bound	  Shmin	  (Figure	  29B)	  is	  inferred	  to	  
prevail	  in	  the	  analyzed	  depth	  interval	  at	  the	  TriCarb	  site.	  	  
The	  greatest	  source	  of	  uncertainty	  in	  the	  magnitude	  of	  SHmax	  is	  the	  formation	  
rock	  strength	  (UCS).	  The	  results	  presented	  in	  this	  study	  may	  underestimate	  the	  
magnitude	  of	  horizontal	  stress	  due	  to	  use	  of	  the	  lower-­‐bound	  relationship	  between	  
UCS	  and	  sonic	  velocity	  (Vp).	  However,	  the	  use	  of	  lower-­‐bound	  effective	  UCS	  values	  is	  






Figure	  30.	  A	  fragment	  of	  along-­‐dip	  seismic	  reflection	  profile	  (pre-­‐stack	  migration)	  in	  
the	  vicinity	  of	  the	  TriCarb	  well	  (upper	  image)	  and	  its	  annotated	  interpretation	  (lower	  
image,	  after	  Olsen	  et	  al.	  [Olsen	  et	  al.]).	  Two	  prominent	  horizons	  in	  the	  analysis	  interval	  
are	  highlighted	  in	  blue;	  red	  dashed	  lines	  indicate	  location	  of	  potential	  faults	  that	  
bound	  changes	  in	  the	  in	  situ	  stresses.	  
	  
breakouts	  are	  observed	  in	  the	  TriCarb	  well.	  Rock	  strength	  anisotropy	  in	  shales,	  
created	  by	  weakening	  due	  to	  foliation	  along	  bedding	  planes,	  can	  also	  influence	  the	  
formation	  of	  breakouts	  [Zoback	  et	  al.,	  2003].	  The	  effect	  of	  bedding	  anisotropy	  





applied	  stress	  –	  this	  effect	  reaches	  its	  maximum	  when	  the	  maximum	  applied	  stress	  
is	  60°	  to	  the	  normal	  of	  the	  bedding	  plane;	  the	  effect	  is	  negligible	  when	  the	  maximum	  
applied	  stress	  is	  close	  to	  either	  0°	  or	  90°	  to	  the	  normal	  [Jaeger	  et	  al.,	  2007].	  In	  the	  
TriCarb	  well,	  sedimentary	  bedding	  with	  5–15°	  WNW	  dip	  forms	  shallow	  angles	  with	  
the	  near-­‐vertical	  borehole	  and	  is	  unlikely	  to	  have	  a	  significant	  effect	  on	  wellbore	  
stability.	  Modeling	  of	  the	  stress	  distribution	  and	  breakout	  position	  for	  anisotropic	  
rock	  strength	  (approximated	  by	  an	  equivalent	  plane	  of	  weakness	  [Zoback,	  2010]),	  
confirmed	  that	  sedimentary	  bedding	  has	  little	  or	  no	  effect	  on	  the	  breakout	  position	  
in	  the	  TriCarb	  well.	  Only	  for	  the	  case	  of	  near-­‐zero	  rock	  strength	  along	  the	  bedding	  
planes	  did	  breakouts	  tend	  to	  be	  wider	  than	  in	  the	  isotropic	  case.	  Evidence	  from	  core	  
and	  log	  analysis,	  however,	  does	  not	  support	  such	  low	  UCS	  values,	  and	  the	  modeling	  
of	  borehole	  breakouts	  with	  non-­‐zero	  strength	  presented	  above	  closely	  matched	  
observations.	  In	  the	  future,	  additional	  geomechanical	  tests	  are	  recommended	  for	  
further	  constraints	  on	  the	  stress	  and	  anisotropy	  analysis.	  
4.2	  Implications	  for	  induced	  seismicity	  due	  to	  CO2	  injection	  
In	  the	  context	  of	  CO2	  injection	  for	  geological	  storage,	  the	  potential	  
reactivation	  of	  faults	  and	  fractures	  presents	  two	  specific	  hazards:	  the	  earthquake	  
hazard,	  due	  to	  a	  release	  of	  elastic	  energy	  stored	  in	  the	  brittle	  crust,	  and	  CO2	  leakage	  
hazard,	  due	  to	  a	  potential	  disruption	  of	  caprock	  sealing	  the	  reservoir	  that	  contains	  
injected	  CO2.	  Faults	  large	  enough	  to	  produce	  damaging	  earthquakes,	  i.e.,	  M≥6.0,	  are	  
easily	  detectable	  with	  modern	  seismic	  imaging	  methods	  because	  they	  are	  associated	  





harder	  to	  detect	  and	  they	  are	  less	  likely	  to	  cause	  damage	  at	  the	  surface.	  Therefore,	  
with	  considerable	  effect,	  earthquake	  hazards	  can	  be	  reduced	  by	  simply	  avoiding	  
areas	  of	  potential	  CO2	  injection	  sites	  where	  large	  faults	  were	  detected	  during	  pre-­‐
drilling	  site	  characterization	  studies.	  The	  presence	  of	  small	  faults	  and	  
discontinuities,	  however,	  may	  systematically	  control	  the	  permeability	  in	  fractured	  
reservoirs	  if	  they	  are	  critically	  stressed	  and	  increase	  the	  bulk	  fluid	  transmissivity	  of	  
the	  formation	  [Barton	  et	  al.,	  1995].	  This	  relationship	  between	  critical	  stress	  and	  
fracture	  permeability	  has	  been	  confirmed	  in	  many	  reservoirs	  worldwide	  [Finkbeiner	  
et	  al.,	  1997;	  Wiprut	  and	  Zoback,	  2000].	  Thus	  even	  small	  critically	  stressed	  
discontinuities	  that	  do	  not	  present	  a	  seismic	  hazard	  may	  increase	  the	  risk	  of	  fluid	  
leakage	  at	  depth	  and	  subsequent	  migration	  of	  the	  injected	  CO2	  out	  of	  a	  reservoir	  and	  
through	  caprock.	  Knowing	  detailed	  information	  about	  the	  in	  situ	  stresses	  and	  the	  
fracture	  distribution	  in	  a	  reservoir,	  however,	  can	  be	  potentially	  used	  as	  an	  
advantage	  to	  enhance	  reservoir	  permeability	  and	  productivity	  by	  CO2	  injection	  at	  
near-­‐critical	  pressure	  in	  unconventional	  formations.	  	  
The	  results	  of	  in	  situ	  stress	  analysis	  in	  this	  study	  indicate	  that	  some	  fractures	  
in	  the	  shallowest	  interval	  (450-­‐760	  m)	  are	  near	  the	  critical	  stress	  point,	  and	  
injection	  should	  be	  avoided	  (and	  would	  be	  unlikely)	  at	  these	  depths.	  The	  state	  of	  
stress	  in	  deeper	  formations	  could	  allow	  for	  greater	  pore	  pressure	  increases	  during	  
injection	  without	  causing	  fracture	  reactivation.	  Assuming	  a	  reverse-­‐faulting	  stress	  
regime	  at	  depths	  below	  800	  m,	  more	  than	  10	  MPa	  excess	  pressure	  would	  be	  





anticipate	  injection	  in	  a	  supercritical	  phase	  state	  which	  accordingly	  requires	  
reservoir	  pressures	  at	  the	  depth	  of	  800	  m	  or	  greater	  [(Doe),	  2012].	  Assuming	  
hydrostatic	  conditions,	  10	  MPa	  excess	  pressure	  corresponds	  to	  a	  CO2	  column	  height	  
of	  approximately	  1,500	  m	  (at	  a	  density	  of	  700	  kg/m3).	  Individual	  potential	  reservoir	  
layers	  observed	  in	  the	  northern	  Newark	  basin	  do	  not	  exceed	  a	  few	  tens	  of	  meters	  in	  
thickness	  (e.g.,	  Figure	  2),	  therefore,	  much	  smaller	  pressure	  head	  would	  be	  produced	  
by	  injected	  CO2.	  Thus,	  fractures	  do	  not	  appear	  to	  be	  at	  risk	  of	  reactivation	  in	  these	  
potential	  reservoirs	  in	  the	  TriCarb	  well.	  At	  other	  locations	  within	  the	  basin,	  similar	  
lithological	  units	  may	  occur	  at	  a	  different	  depth,	  and	  may	  be	  subjected	  to	  a	  different	  
state	  of	  stress.	  Additional	  multiwell	  studies	  would	  be	  necessary	  to	  establish	  lateral	  
variability	  in	  the	  state	  of	  stress	  and	  formation	  properties	  in	  the	  Newark	  Basin.	  
In	  a	  highly	  compressive	  environment	  observed	  at	  the	  TriCarb	  site,	  the	  risk	  of	  
hydraulic	  fracturing	  during	  injection	  is	  much	  lower	  than	  the	  risk	  of	  fault	  
reactivation.	  In	  order	  to	  open	  a	  new	  fracture,	  the	  fluid	  pressure	  must	  exceed	  the	  
least	  principal	  stress,	  which	  equals	  either	  Sv	  or	  Shmin	  depending	  on	  the	  stress	  regime	  
[Zoback,	  2010].	  In	  either	  case,	  this	  would	  require	  fluid	  pressure	  exceeding	  ~15	  MPa	  
for	  reservoir	  depths	  below	  800	  m	  (Figure	  5A).	  Additional	  tensile	  stresses,	  however,	  
may	  be	  created	  if	  injected	  fluid	  is	  at	  significantly	  lower	  temperature	  than	  the	  
ambient	  in	  situ	  temperature	  [Zoback,	  2010].	  The	  in	  situ	  temperature	  at	  the	  TriCarb	  
site	  is	  estimated	  on	  the	  order	  of	  20-­‐23°C	  for	  reservoir	  depths	  about	  800-­‐1000	  m	  
[Zakharova	  et	  al.,	  2011].	  Since	  the	  supercritical	  CO2	  range	  starts	  at	  31°C	  [Span	  and	  





thermal	  stresses	  resulting	  from	  higher-­‐than-­‐ambient	  fluid	  temperature	  are	  about	  1-­‐
3	  MPa	  per	  10°C	  temperature	  difference,	  depending	  on	  the	  coefficient	  of	  thermal	  
expansion	  that	  is	  a	  strong	  function	  of	  silica	  content	  [Moos	  and	  Zoback,	  1990;	  Zoback,	  
2010].	  For	  low	  to	  moderate	  temperature	  differences,	  thermal	  stresses	  tend	  to	  have	  a	  
weaker	  effect	  on	  formation	  failure	  than	  pressure	  effects	  related	  to	  mud	  weight,	  
injection	  pressure	  etc.	  An	  accurate	  evaluation	  of	  thermal	  stresses,	  however,	  is	  
recommended	  once	  reservoir	  depth,	  lithology	  and	  injection	  scenario	  are	  
established.	  
While	  risk	  of	  induced	  seismicity	  and	  leakage	  along	  preexisting	  faults	  presents	  
an	  important	  concern	  for	  long-­‐term	  CO2	  storage,	  this	  study	  illustrates	  that	  
geomechanical	  hazards	  do	  not	  prohibit	  carbon	  sequestration	  in	  faulted	  and	  
fractured	  formations.	  Potential	  sites	  must	  be	  carefully	  evaluated	  during	  pre-­‐drilling	  
characterization	  stage	  to	  understand	  the	  in	  situ	  stress	  regimes,	  but	  despite	  the	  
presence	  of	  discontinuities	  and	  the	  critically	  stressed	  nature	  of	  the	  brittle	  crust,	  
local	  stress	  perturbation	  may	  create	  a	  potential	  for	  pore	  pressure	  increase	  in	  a	  
reservoir	  without	  reaching	  the	  frictional	  failure	  limit	  of	  pre-­‐existing	  faults	  and	  
fractures.	  Such	  results	  have	  been	  demonstrated	  in	  other	  faulted	  reservoirs	  used	  for	  
CO2	  injection,	  e.g.	  Teapot	  Dome,	  WY	  [Chiaramonte	  et	  al.,	  2008].	  In	  addition	  to	  spatial	  
variations,	  however,	  an	  understanding	  of	  the	  temporal	  changes	  in	  the	  stress	  field	  
would	  be	  necessary	  for	  evaluating	  a	  long-­‐term	  security	  of	  CO2	  storage	  sites.	  In	  any	  
potential	  environment,	  complete	  geomechanical	  testing	  is	  critical	  to	  evaluate	  the	  





anthropogenic	  CO2	  emissions,	  a	  rapid	  accumulation	  of	  knowledge	  about	  seismic	  
risks	  from	  underground	  injection	  in	  the	  context	  of	  geologic	  carbon	  sequestration	  
seems	  to	  be	  an	  essential	  step	  in	  pursuing	  this	  option	  for	  climate	  mitigation.	  
5.	  Conclusions	  
1) The	  distribution	  of	  breakouts	  and	  natural	  fractures	  in	  the	  TriCarb	  well	  
suggests	  significant	  variability	  in	  orientation	  of	  the	  principal	  horizontal	  
stresses	  in	  the	  depth	  range	  of	  450-­‐1450	  m.	  Evidence	  from	  surface	  seismic	  
reflection	  imaging	  indicates	  potential	  presence	  of	  faults	  at	  about	  800	  m	  and	  
1200	  m	  that	  bound	  zones	  of	  the	  principal	  horizontal	  stress	  rotation	  by	  35°	  
and	  20°	  respectively	  (from	  AZ	  SHmax	  =	  N80°	  to	  N45°	  to	  N25°).	  
2) Magnitude	  of	  the	  principal	  stresses	  constrained	  by	  the	  observation	  of	  
borehole	  breakout	  width	  indicates	  a	  reverse-­‐faulting/strike-­‐slip	  regime,	  with	  
an	  overall	  pattern	  of	  stress	  relaxation	  from	  the	  reverse-­‐faulting	  failure	  limit	  
with	  depth.	  	  
3) The	  shallow	  crust	  at	  the	  locality	  (~500-­‐600	  m	  depth)	  appears	  to	  be	  critically	  
stressed,	  and	  even	  a	  small	  pore	  pressure	  increases	  at	  these	  depths	  present	  a	  
significant	  risk	  of	  fracture	  reactivation.	  This	  depth	  interval	  should	  be	  avoided	  
for	  CO2	  injection.	  Deeper	  reservoirs	  (below	  ~800	  m)	  could	  potentially	  allow	  
10	  MPa	  or	  greater	  increases	  in	  the	  pore	  pressure	  before	  the	  critical	  stress	  





4) Additional	  in	  situ	  test	  data	  to	  determine	  the	  minimum	  horizontal	  stress	  and	  
geomechanical	  laboratory	  rock	  testing	  are	  needed	  to	  better	  constrain	  the	  
magnitude	  of	  the	  principal	  stresses	  in	  the	  basin.	  The	  complete	  assessment	  of	  
the	  induced	  seismic	  risk	  due	  to	  CO2	  injection	  in	  any	  potential	  reservoir	  
should	  undertake	  similar	  studies.	  
5) Despite	  the	  critically	  stressed	  nature	  of	  the	  brittle	  crust,	  these	  preliminary	  
results	  suggest	  that	  local	  stress	  perturbation	  may	  potentially	  create	  
favorable	  stress	  conditions	  for	  CO2	  sequestration	  by	  allowing	  a	  considerable	  
pore	  pressure	  increase	  without	  carrying	  large	  risks	  of	  fault	  reactivation.	  
Establishing	  whether	  such	  conditions	  occur	  over	  broad	  enough	  areas	  for	  
large-­‐scale	  CCS	  implementation	  requires	  quantitative	  in	  situ	  stress	  analysis	  








Chapter	  IV.	  	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  
Hydraulic	  properties	  of	  fractured	  aquifers	  in	  the	  Northern	  
Newark	  basin	  
Abstract	  
This	  chapter	  describes	  a	  hydrogeologic	  setting	  in	  the	  northern	  part	  of	  the	  
Newark	  basin	  based	  on	  a	  new	  set	  of	  high-­‐resolution	  geophysical	  and	  hydraulic	  data	  
collected	  on	  the	  campus	  of	  Lamont-­‐Doherty	  Earth	  Observatory,	  Columbia	  University	  
in	  Palisades,	  NY.	  The	  logging	  data	  were	  collected	  in	  two	  test	  wells	  located	  ~215	  m	  
apart	  that	  intersect	  the	  outcropping	  Palisade	  sill	  and	  underlying	  sediments	  of	  the	  
Newark	  basin	  (preliminary	  attributed	  to	  the	  Lockatong	  formation).	  Fractures	  are	  
abundant	  both	  in	  the	  sill	  and	  the	  sediments	  and	  form	  two	  main	  sets	  consistent	  with	  
the	  tectonic	  history	  of	  the	  basin:	  high-­‐angle	  fractures	  dipping	  to	  the	  SE,	  and	  shallow-­‐
angle,	  roughly	  bed-­‐parallel	  fractures	  dipping	  to	  the	  NW.	  High-­‐angle	  fractures	  are	  
more	  abundant	  closer	  to	  the	  sill	  contact;	  their	  formation	  was	  likely	  enhanced	  by	  
thermal	  cracking	  when	  the	  sill	  was	  emplaced.	  Transmissive	  zones	  identified	  by	  
hydraulic	  testing	  are	  sparse	  (3-­‐7	  in	  ~250	  m),	  narrow	  (1-­‐3	  m	  thick),	  and	  have	  almost	  
no	  ambient	  flow.	  The	  Palisade	  sill	  is	  impermeable	  at	  all	  observed	  depths,	  despite	  a	  





with	  fracture	  distribution	  and/or	  fracture	  characteristics.	  Some	  of	  the	  trasmissive	  
zones	  correspond	  to	  distinct	  fractures	  observed	  in	  borehole	  images	  and	  core,	  but	  
the	  majority	  of	  fractures	  do	  not	  contribute	  to	  hydraulic	  conductivity	  of	  the	  
formation.	  Less	  then	  half	  of	  the	  transmissive	  zones	  could	  be	  correlated	  laterally	  
between	  the	  two	  wells.	  The	  sedimentary	  sequence,	  although	  characterized	  by	  
similar	  physical	  properties	  and	  bed	  statistics,	  also	  differs	  between	  the	  two	  
boreholes.	  High	  lateral	  heterogeneity	  at	  this	  site	  presents	  challenges	  for	  assessing	  
the	  CO2	  storage	  potential	  and	  suggests	  that	  caution	  must	  be	  taken	  when	  
extrapolating	  single-­‐well	  or	  laboratory-­‐scale	  analysis	  to	  the	  basin	  scale.	  Locally,	  the	  
porosity	  and	  permeability	  in	  the	  transmissive	  zones	  are	  too	  low	  for	  large-­‐scale	  CO2	  
storage,	  but	  they	  provide	  a	  useful	  setting	  for	  small	  injection	  experiments.	  
1.	  Background	  
The	  Newark	  Basin	  is	  one	  of	  the	  largest	  Early	  Mesozoic	  rift	  basins	  on	  the	  
eastern	  North	  American	  seaboard	  that	  were	  formed	  during	  the	  breakup	  of	  Pangaea	  
roughly	  200	  Ma	  [Schlische,	  1992].	  It	  has	  a	  classic	  half-­‐graben	  structure	  bounded	  by	  a	  
family	  of	  NE-­‐trending	  normal	  faults	  along	  its	  northwestern	  boundary	  (Figure	  22).	  
Along	  the	  eastern	  and	  southeastern	  margins,	  Mesozoic	  rocks	  rest	  unconformably	  on	  
Precambrian	  and	  Paleozoic	  basement	  (Figure	  30).	  The	  basin	  fill	  is	  represented	  by	  
fluvial	  and	  lacustrine	  sediments	  and	  mafic	  igneous	  rocks	  that	  include	  extrusive	  
flows	  and	  the	  Palisade	  dolerite	  sill	  (Figure	  22).	  The	  major	  lithological	  units	  include	  





Stockton	  (predominantly	  fluvial	  conglomerates,	  arkose,	  and	  sandstone	  units),	  the	  
Lockatong	  (dominated	  by	  fine-­‐grained	  gray-­‐black	  mudstone	  deposited	  in	  lacustrine	  
environment),	  the	  Passaic	  (mostly	  red	  mudstone	  and	  sandstone	  units).	  These	  are	  
overlain	  by	  three	  basalt-­‐flow	  formations	  of	  the	  Central	  Atlantic	  Magmatic	  Province,	  
interbedded	  and	  overlying	  sedimentary	  formations:	  the	  Orange	  Mountain	  Basalt,	  
the	  Early-­‐Jurassic	  Feltville	  formation,	  the	  Preakness	  Mountain	  Basalt,	  the	  Towaco	  
formation,	  the	  Hook	  Mountain	  Basalt,	  and	  the	  Boonton	  formation	  [Olsen	  et	  al.,	  
1996].	  The	  latter	  three	  sedimentary	  sequences	  consist	  predominantly	  of	  fluvio-­‐
lacustrine	  red	  clastic	  rocks	  interbedded	  with	  gray	  and	  black	  deeper-­‐water	  
lacustrine	  units.	  	  
Fractured-­‐rock	  aquifers	  define	  the	  principal	  groundwater	  system	  in	  the	  
Newark	  Basin	  [Houghton,	  1990].	  The	  majority	  of	  large-­‐scale	  structures,	  such	  as	  
intrabasinal	  faults	  and	  dykes,	  strike	  in	  the	  northeastern	  direction,	  subparallel	  to	  the	  
border	  fault	  and	  perpendicular	  to	  the	  regional	  direction	  of	  extension	  during	  the	  
basin	  formation	  [Schlische,	  1992].	  The	  principal	  strike	  direction	  for	  fractures	  and	  
joints	  is	  also	  to	  the	  northeast,	  but	  fracture	  distribution	  and	  orientation	  vary	  
throughout	  the	  basin	  [Herman,	  2009;	  Morin	  et	  al.,	  1997].	  In	  the	  northern	  part,	  the	  
two	  dominant	  fractures	  sets	  are	  1)	  steep	  SE-­‐dipping	  extensional	  fractures	  attributed	  
to	  the	  Late-­‐Triassic-­‐Early	  Jurassic	  rifting	  phase,	  and	  2)	  shallow-­‐angle	  NW-­‐dipping	  
fractures	  formed	  during	  the	  subsequent	  compression	  associated	  with	  inversion	  and	  
basin	  uplift	  [Goldberg	  and	  Burgdorff,	  2005;	  Goldberg	  et	  al.,	  2003].	  While	  fractures	  





control	  hydraulic	  properties	  throughout	  the	  basin.	  For	  example,	  Morin	  et	  al.	  [1997]	  
showed	  that	  shallow	  fluid	  flow	  in	  the	  Passaic	  formation	  in	  central	  New	  Jersey	  is	  
controlled	  by	  subhorizontal	  fractures,	  while	  Matter	  et	  al.	  [2006]	  demonstrated	  that	  
further	  to	  the	  north,	  only	  select	  subvertical	  fractures	  are	  transmissive	  in	  a	  deeper	  
metasedimentary	  contact	  zone	  below	  the	  Palisade	  sill.	  Overall,	  hydraulic	  data	  for	  
deep	  formations	  of	  the	  Newark	  basin	  are	  sparse;	  however,	  their	  understanding	  is	  
essential	  for	  evaluating	  CO2	  sequestration	  potential	  in	  the	  Newark	  basin.	  
This	  chapter	  describes	  a	  new	  set	  of	  high-­‐resolution	  geophysical	  and	  
hydraulic	  logging	  data	  collected	  in	  the	  northern	  part	  of	  the	  Newark	  basin,	  on	  the	  
campus	  of	  Lamont-­‐Doherty	  Earth	  Observatory,	  Columbia	  University	  in	  Palisades,	  NY	  
(Figure	  31).	  Two	  test	  boreholes	  (TW3	  and	  TW4)	  separated	  by	  ~215	  m	  intersect	  the	  
outcropping	  Palisade	  sill	  and	  underlying	  sediments	  of	  the	  Newark	  basin.	  The	  Test	  
Well-­‐3	  (TW3)	  was	  drilled	  in	  two	  stages	  to	  the	  total	  depth	  of	  457	  m	  without	  coring	  
but	  with	  drill	  cutting	  collection	  every	  ~1.5	  m.	  Goldberg	  and	  Burgdorff	  [2005]	  and	  
Matter	  et	  al.	  [2006]	  described	  petrophysical	  and	  hydraulic	  properties	  of	  the	  sill	  and	  
the	  underlying	  contact	  zone	  to	  a	  depth	  of	  305	  m.	  Here,	  a	  new	  set	  of	  high-­‐resolution	  
geophysical	  and	  hydrologic	  logging	  data	  collected	  after	  deepening	  the	  borehole	  
below	  305	  m	  is	  presented,	  focusing	  on	  the	  hydrogeological	  characterization	  of	  the	  
deep	  sedimentary	  aquifers.	  	  
Test	  Well-­‐4	  (TW4)	  was	  drilled	  to	  a	  total	  depth	  of	  533	  m,	  with	  continuous	  
coring	  from	  just	  above	  the	  bottom	  of	  the	  sill	  (198	  m),	  through	  the	  Newark	  basin	  





521	  m).	  A	  bridge	  that	  formed	  soon	  after	  drilling	  in	  the	  paleo-­‐weathered	  layer	  at	  the	  
top	  of	  the	  basement	  did	  not	  allow	  logging	  tools	  to	  pass;	  therefore,	  geophysical	  and	  
hydraulic	  data	  in	  TW4	  are	  limited	  to	  the	  open-­‐hole	  sedimentary	  section	  from	  229	  m	  
to	  520	  m.	  The	  results	  of	  these	  data	  analysis	  are	  correlated	  to	  the	  TW3	  observations	  
in	  order	  to	  establish	  lateral	  constraints	  on	  lithological	  and	  hydraulic	  heterogeneity	  
in	  this	  part	  of	  the	  Newark	  basin.	  
	  	  	  	  	  	  	  	   	  
Figure	  31.	  Arial	  view	  and	  a	  schematic	  cross-­‐section	  of	  the	  study	  site	  at	  the	  campus	  of	  






Conventional	  geophysical	  and	  flowmeter	  logging	  was	  conducted	  in	  both	  
boreholes	  by	  the	  US	  Geological	  Survey.	  Geophysical	  data	  include	  caliper	  (borehole	  
diameter),	  natural	  gamma	  ray,	  short-­‐normal	  (40	  cm)	  and	  long-­‐normal	  (160	  cm)	  
resistivity,	  magnetic	  susceptibility,	  optical	  and	  acoustic	  televiewers,	  and	  borehole	  
fluid	  resistance	  and	  temperature	  logs.	  Electro-­‐magnetic	  (EM)	  vertical	  flowmeter	  
(0.05-­‐40	  l/m	  sensitivity	  range)	  was	  run	  under	  ambient	  conditions,	  and	  during	  water	  
injection	  at	  the	  rate	  of	  11.4	  l/min.	  In	  TW3,	  a	  heat-­‐pulse	  (HP)	  vertical	  flowmeter	  was	  
employed	  in	  addition	  to	  an	  EM	  flowmeter	  to	  achieve	  better	  accuracy	  over	  the	  low-­‐
transmissivity	  range	  (0.113-­‐3.785	  l/min).	  Water	  levels	  were	  continuously	  
monitored	  using	  a	  pressure	  transducer.	  Trasmissivity	  of	  fractured	  zones	  was	  
evaluated	  from	  the	  water-­‐level	  and	  flowmeter	  logs	  assuming	  steady-­‐state	  flow	  
conditions.	  In	  TW4,	  however,	  a	  true	  steady	  state	  was	  not	  achieved	  (the	  borehole	  
water	  level	  rose	  from	  118.5	  m	  to	  74	  m	  over	  4	  hours	  of	  injection),	  and	  the	  computed	  
transmissivity	  values	  are	  likely	  overestimated.	  	  
Interactive	  fracture	  analysis	  was	  conducted	  using	  optical	  (OTV)	  and	  acoustic	  
(ATV)	  televiewers	  that	  both	  provide	  360°	  azimuthal	  coverage	  of	  borehole	  walls.	  The	  
optical	  televiewer	  proved	  to	  be	  particularly	  effective	  in	  these	  small-­‐diameter,	  water-­‐
filled	  boreholes	  allowing	  the	  identification	  of	  many	  millimeter-­‐to-­‐centimeter-­‐scale	  
features	  not	  visible	  in	  the	  acoustic	  images.	  A	  nearly	  true	  color	  depiction	  of	  
sedimentary	  features	  in	  OTV	  images	  also	  aided	  in	  refining	  the	  depths	  of	  





TW4.	  Based	  on	  the	  predominance	  of	  tan	  sandstone	  and	  purple-­‐to-­‐red	  mudstones,	  
the	  section	  was	  attributed	  to	  the	  Lockatong	  formation.	  	  
Borehole	  images	  allowed	  for	  detailed	  analysis	  of	  fracture	  density	  and	  
orientation	  in	  both	  boreholes,	  however,	  such	  borehole	  analysis	  contains	  an	  implicit	  
sampling	  bias	  toward	  low-­‐angle	  fractures.	  It	  stems	  from	  the	  fact	  that	  the	  probability	  
of	  intersecting	  near-­‐horizontal	  fractures	  with	  a	  vertical	  borehole	  is	  much	  higher	  
than	  the	  probability	  of	  intersecting	  sub-­‐vertical	  fractures.	  Therefore,	  the	  relative	  
abundance	  of	  low-­‐angle	  fractures	  is	  likely	  to	  be	  overestimated	  compared	  to	  their	  
true	  relative	  frequency	  [Terzaghi,	  1965].	  To	  account	  for	  this	  sampling	  bias,	  a	  
geometrical	  correction	  in	  the	  form	  of	  1/cosθ,	  where	  θ	  is	  a	  measured	  dip	  angle,	  was	  
applied	  to	  all	  fracture	  populations	  determined	  from	  borehole	  images	  [e.g.,	  Barton	  
and	  Zoback,	  1992;	  Morin	  et	  al.,	  1997].	  The	  corrected	  populations	  predict	  the	  
frequency	  of	  fractures	  of	  a	  given	  orientation	  that	  could	  be	  intersected	  if	  the	  borehole	  
were	  drilled	  normal	  to	  each	  fracture	  plane.	  
3.	  Results	  
3.1	  Stratigraphy	  and	  Geophysical	  Properties	  	  
Figure	  32	  and	  Figure	  33	  show	  the	  new	  set	  of	  wireline	  logs	  and	  hydraulic	  data	  
recorded	  in	  the	  two	  test	  boreholes.	  In	  TW3,	  the	  contact	  between	  the	  Palisade	  sill	  
and	  underlying	  sediments	  (~225	  m)	  is	  marked	  by	  a	  sharp	  increase	  in	  natural	  
gamma	  ray	  activity	  and	  a	  gradual	  decrease	  in	  electric	  resistivity	  (Figure	  32,	  tracks	  A	  





magnetic	  susceptibility	  (~100	  units)	  that	  decreases	  to	  near	  zero	  in	  unaltered	  
formations	  below	  255	  m	  (Figure	  33).	  The	  TW4	  logging	  record	  starts	  16	  meters	  
below	  the	  sill/sediment	  contact	  and	  mostly	  reflects	  the	  properties	  of	  unaltered	  
Newark	  basin	  sediments	  (Figure	  33).	  Natural	  gamma	  ray	  activity,	  which	  provides	  a	  
proxy	  for	  clay	  content	  in	  the	  sediments,	  ranges	  between	  ~50	  counts/s	  (cps)	  in	  
sandstones	  to	  ~	  200	  cps	  in	  most	  mudstones,	  except	  for	  an	  extremely	  high-­‐GR	  layer	  
at	  the	  depth	  of	  ~488	  m	  (~500	  cps).	  Apparent	  formation	  resistivity	  exhibits	  a	  similar	  
pattern	  of	  decreasing	  values	  with	  depth	  in	  both	  boreholes,	  which	  is	  likely	  caused	  by	  
higher	  salinity	  and	  conductance	  of	  formation	  fluids	  at	  depth.	  Magnetic	  susceptibility	  
of	  the	  sediments	  is	  very	  low	  in	  both	  boreholes	  (1-­‐5	  units)	  but	  it	  is	  consistently	  
higher	  in	  select	  mudstones	  and	  fractured	  zones.	  	  
3.2	  Fracture	  analysis	  
Borehole	  televiewer	  images	  reveal	  abundant	  planar	  fractures	  in	  both	  
boreholes	  (Figure	  32,	  D	  and	  Figure	  33,	  D).	  Four	  main	  fracture	  sets	  are	  identified	  in	  
the	  sill:	  three	  sub-­‐vertical	  sets	  that	  dip	  E,	  SE,	  and	  SSE,	  and	  a	  fracture	  set	  dipping	  NW	  
at	  shallow	  angles	  (Figure	  35).	  These	  features	  likely	  represent	  a	  combination	  of	  
basalt	  cooling	  joints	  and	  tectonic	  fractures	  formed	  after	  the	  sill	  emplacement.	  
Overall,	  the	  sill	  is	  densely	  fractured,	  with	  intervals	  of	  massive	  dolerite	  less	  than	  3	  m	  
thick.	  Shallow-­‐angle	  fractures	  are	  dominant	  in	  the	  shallower	  part	  of	  the	  sill	  (above	  
200	  m),	  possibly	  related	  to	  unloading	  and	  lower	  vertical	  stresses	  at	  shallow	  depth.	  























































































Figure	  34.	  Bedding	  statistics	  determined	  from	  borehole	  image	  analysis.	  
	  
Fractures	  in	  the	  sediments	  are	  variable	  but	  generally	  fall	  in	  two	  groups:	  steep	  
SE-­‐dipping	  fractures	  and	  shallow-­‐angle	  NW-­‐dipping	  fracture	  (Figure	  35),	  that	  are	  
consistent	  with	  previous	  observations	  [Goldberg	  and	  Burgdorff,	  2005;	  Herman,	  
2009;	  Matter	  et	  al.,	  2006;	  Morin	  et	  al.,	  1997],	  and	  with	  the	  tectonic	  history	  of	  the	  
basin	  [Goldberg	  et	  al.,	  2003].	  In	  TW3,	  fractures	  in	  the	  sediments	  are	  most	  abundant	  
above	  the	  depth	  of	  355	  m.	  The	  high-­‐angle	  fractures	  are	  more	  common	  in	  the	  contact	  
zone	  and	  have	  been	  previously	  related	  to	  thermal	  stresses	  produced	  by	  the	  sill	  
emplacement	  [Matter	  et	  al.,	  2006].	  A	  similar	  trend	  in	  fracture	  abundance	  is	  observed	  
in	  TW4,	  where	  high-­‐angle	  fractures	  concentrate	  above	  310	  m,	  close	  to	  the	  contact	  
with	  the	  sill	  (Figure	  33,	  D).	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Figure	  35.	  Fracture	  dip	  direction	  and	  dip	  angle	  based	  on	  borehole	  image	  analysis	  (left	  
and	  center),	  and	  fracture	  dips	  corrected	  for	  the	  systematic	  undersampling	  of	  steeply	  
dipping	  fractures	  in	  vertical	  boreholes	  (left).	  
	  
Identification	  of	  shallow-­‐dipping	  fractures	  in	  images	  can	  be	  ambiguous	  
because	  many	  shallow	  fractures	  are	  bed-­‐parallel,	  and	  thin	  beds	  can	  be	  misidentified	  
as	  fractures.	  In	  fact,	  Michalski	  and	  Britton	  [1997]	  and	  Morin	  et	  al.	  [1997]	  suggested	  
that	  observed	  shallow-­‐dipping	  fractures	  in	  the	  Passaic	  formation	  actually	  
represented	  bedding-­‐plane	  partings.	  Based	  on	  image	  analysis,	  the	  shallow-­‐dipping	  
fractures	  appear	  to	  be	  more	  abundant	  in	  both	  boreholes.	  When	  corrected	  for	  
sampling	  bias	  (as	  described	  in	  the	  Methods	  section),	  the	  histograms	  of	  fracture	  dips	  
10 30 50 70 90
10 30 50 70 90
10 30 50 70 90
10 30 50 70 90
10 30 50 70 90










































































in	  TW3	  and	  TW4	  retain	  the	  bimodal	  pattern	  but	  suggest	  much	  higher	  frequency	  of	  
steeply	  dipping	  fractures	  (Figure	  35).	  The	  applied	  correction	  assumes	  uniform	  
fracture	  spacing	  and	  does	  not	  account	  for	  local	  variations	  in	  fracture	  spacing.	  
Therefore,	  the	  corrected	  abundances	  likely	  overemphasize	  the	  steeply	  dipping	  
fractures,	  and	  the	  true	  distributions	  lie	  in	  between	  the	  two	  cases	  illustrated	  in	  
Figure	  35.	  	  
Some	  of	  the	  observed	  fractures	  are	  characterized	  by	  large	  aperture,	  up	  to	  7	  
mm.	  However,	  the	  core	  collected	  in	  TW4	  reveals	  abundant	  mineral	  filling	  in	  
fractures	  and	  veins,	  which	  cannot	  be	  easily	  distinguished	  from	  open	  fractures	  using	  
borehole	  images.	  Overall,	  fracture	  apertures	  did	  not	  appear	  to	  correlate	  with	  any	  
other	  fracture	  parameters	  such	  as	  fracture	  density	  or	  orientation.	  
3.3	  Hydraulic	  Properties	  
Four	  hydraulically	  conductive	  zones	  were	  detected	  in	  TW3	  at	  the	  depths	  of	  
235	  m,	  311	  m,	  366	  m,	  and	  396	  m,	  all	  marked	  by	  changes	  in	  borehole	  fluid	  resistance,	  
fluid	  temperature,	  and	  flow	  rate	  (Figure	  32,	  E-­‐H).	  The	  upper	  zone	  at	  235	  m	  
coincided	  with	  the	  previously	  identified	  conductive	  region	  in	  the	  sill-­‐sediments	  
contact	  zone	  [Matter	  et	  al.,	  2006].	  Despite	  pronounced	  resistivity	  changes,	  the	  
ambient	  fluid	  flow	  at	  the	  two	  deeper	  zones	  at	  396	  m	  and	  366	  m	  was	  below	  detection	  
limit	  (0-­‐0.1	  l/min).	  The	  most	  conductive	  zone	  at	  311	  m	  had	  an	  ambient	  flow	  rate	  of	  
about	  1	  l/min.	  Based	  on	  the	  injection	  test,	  the	  transmissivity	  of	  this	  zone	  was	  
estimated	  to	  approach	  10-­‐5	  m2/s,	  while	  the	  least	  conductive	  zone	  at	  396	  m	  was	  





higher	  transmissivity	  values	  correspond	  to	  prominent	  high-­‐aperture	  high-­‐angle	  
fractures	  observed	  in	  the	  OTV	  images	  (Figure	  32,	  J-­‐K).	  The	  lower	  zones	  do	  not	  
exhibit	  any	  fractures	  in	  the	  borehole	  walls	  (Figure	  32,	  L),	  and	  are	  likely	  
characterized	  by	  a	  combination	  of	  primary	  and	  secondary	  porosity.	  The	  Palisade	  sill	  
and	  low-­‐permeability	  sediments	  separating	  these	  zones	  exhibit	  zero	  transmissivity.	  	  
	  
Table	  9.	  Calculated	  transmissivity	  values	  for	  TW3	  based	  on	  injection	  test	  and	  flow	  
meter	  logs.	  






In	  TW4,	  eight	  conductive	  zones	  were	  identified,	  with	  transmissivities	  on	  the	  
order	  of	  10-­‐9-­‐10-­‐6	  m2/s	  (Figure	  33,	  Table	  10).	  No	  ambient	  flow	  was	  detected	  in	  any	  
of	  these	  zones.	  The	  upper	  four	  of	  the	  transmissive	  zones	  correspond	  to	  prominent	  
high-­‐angle	  fractures,	  the	  bottom	  four	  –	  to	  low-­‐angle	  or	  no	  visible	  fractures	  in	  the	  
borehole	  images	  and	  core	  (Figure	  33,	  I-­‐J).	  The	  interval	  with	  highest	  transmissivity	  
(10-­‐6	  m2/s)	  at	  ~300	  m	  coincides	  with	  the	  single	  most	  fractured	  zone	  that	  was	  
marked	  by	  the	  recovery	  of	  rubbled	  core	  and	  indicated	  an	  enlarged	  borehole	  size.	  
Only	  this	  most	  transmissive	  zone	  and	  the	  deepest	  and	  least	  transmissive	  zone	  at	  
~430	  m	  are	  marked	  by	  changes	  in	  borehole	  fluid	  resistivity	  and	  temperature	  





in	  TW4	  is	  different	  from	  that	  in	  TW3,	  with	  a	  larger	  number	  of	  less	  conductive	  
intervals,	  most	  of	  them	  occurring	  above	  the	  depth	  of	  375	  m.	  	  
	  
Table	  10.	  Estimated	  transmissivity	  values	  for	  TW4	  based	  on	  injection	  test	  and	  flow	  
meter	  logs.	  










4.1	  Fracture	  hydrology	  	  
Hydraulic	  testing	  in	  the	  TW3	  and	  TW4	  boreholes	  indicates	  that	  transmissive	  
zones	  in	  the	  Lockatong	  formation	  below	  the	  Palisade	  sill	  are	  narrow	  (1-­‐3	  m)	  and	  
localized.	  The	  shallow	  and	  generally	  more	  transmissive	  zones	  correspond	  to	  select	  
high-­‐angle	  fractures	  that	  are	  more	  abundant	  closer	  to	  the	  sill	  contact.	  Earlier	  studies	  
in	  the	  shallow	  part	  of	  TW3	  and	  another	  shallow	  borehole	  located	  450	  m	  to	  the	  north	  
suggested	  a	  potential	  correlation	  between	  the	  permeable	  intervals	  and	  the	  intrusion	  





[Matter	  et	  al.,	  2006].	  The	  new	  hydraulic	  data	  that	  extend	  deeper	  into	  unaltered	  
sediments	  of	  the	  Newark	  basin	  allow	  further	  testing	  of	  this	  hypothesis.	  
The	  fracture	  density	  logs	  indicate	  that	  high-­‐angle	  fractures	  are	  significantly	  
more	  abundant	  in	  the	  ~100	  m	  interval	  below	  the	  Palisade	  sill	  than	  in	  the	  deeper	  
sediments	  (Figure	  32,	  D	  and	  Figure	  33,	  D).	  This	  interval	  is	  roughly	  consistent	  with	  
the	  expected	  extent	  of	  contact	  metamorphism	  produced	  by	  the	  sill.	  The	  rate	  of	  
heating	  in	  the	  host	  rocks	  scales	  with	  the	  distance	  from	  the	  contact	  and	  the	  
permeability	  of	  the	  host	  formation.	  As	  a	  rule	  of	  thumb,	  noticeable	  metamorphism	  is	  
predicted	  to	  extend	  to	  a	  distance	  comparable	  to	  the	  intrusion	  thickness,	  while	  
magmatic	  fluids	  penetrate	  only	  to	  the	  distance	  of	  ~	  1/3	  of	  the	  intrusion	  size	  [Barton	  
and	  Hanson,	  1989;	  Barton	  et	  al.,	  1991;	  Hanson,	  1995].	  Fluid	  production	  from	  magma	  
and	  the	  surrounding	  rocks	  is	  thought	  to	  be	  the	  dominant	  process	  responsible	  for	  
hydrofracturing	  and	  subsequent	  thermal	  cracking	  within	  intrusion	  contact	  zones	  
[Hanson,	  1995].	  Pervasive	  fracturing	  within	  ~100	  m	  from	  the	  Palisade	  sill	  contact	  is	  
consistent	  with	  an	  average	  observed	  sill	  thickness	  of	  about	  300	  m	  [Drake	  et	  al.,	  
1996].	  
Although	  the	  density	  of	  steeply	  dipping	  fractures	  correlates	  with	  the	  Palisade	  
sill	  contact	  zone,	  hydraulically	  conductive	  intervals	  in	  both	  boreholes	  are	  not	  
uniquely	  related	  to	  these	  fractures.	  While	  some	  of	  the	  transmissive	  zones	  
correspond	  to	  distinct	  high-­‐angle	  fractures,	  the	  majority	  of	  these	  fractures	  do	  not	  
affect	  hydraulic	  properties	  of	  the	  formation.	  The	  deeper	  transmissive	  zones	  in	  both	  





parallel	  fractures.	  Therefore,	  the	  new	  results	  suggest	  that	  hydraulic	  properties	  of	  
these	  formations	  are	  controlled	  neither	  by	  the	  sill	  intrusion	  path,	  nor	  by	  the	  
abundance	  of	  a	  particular	  fracture	  set.	  Only	  a	  small	  (and	  seemingly	  random)	  subset	  
of	  the	  dominant	  fracture	  set	  in	  each	  depth	  interval	  contributes	  to	  the	  hydraulic	  
conductivity	  of	  the	  formation.	  	  
Most	  of	  the	  observed	  fractures	  may	  in	  fact	  serve	  as	  flow	  barriers.	  Laboratory	  
analysis	  on	  sandstone	  core	  plugs	  from	  TW4	  exhibit	  relatively	  high	  matrix	  porosity	  
(~10-­‐17%)	  and	  permeability	  (~1-­‐30	  mD)	  for	  the	  majority	  of	  samples	  tested	  (Figure	  
36).	  A	  majority	  of	  samples	  were	  collected	  in	  intervals	  characterized	  by	  zero	  
transmissivity	  measured	  by	  hydraulic	  testing.	  This	  dramatic	  difference	  in	  formation	  
properties	  at	  laboratory	  and	  field	  scales	  (centimeters	  versus	  meters	  to	  10s	  of	  
meters)	  suggests	  that	  fractures	  and	  other	  heterogeneities	  tend	  to	  decrease	  the	  
Figure	  36.	  Laboratory	  
results	  for	  porosity	  
and	  permeability	  on	  
select	  sandstone	  
samples	  from	  the	  
TW4	  core.	  Depth	  of	  







‘effective’	  hydraulic	  conductivity	  of	  the	  formation.	  The	  importance	  of	  hydraulic	  field	  
tests	  to	  sample	  a	  representative	  formation	  volume	  cannot	  be	  overemphasized.	  
Furthermore,	  any	  extrapolation	  of	  hydraulic	  conductivity	  to	  the	  field	  scale	  from	  
laboratory	  data	  must	  be	  done	  with	  caution.	  
4.2	  Lateral	  heterogeneity	  and	  implications	  for	  CO2	  storage	  
A	  comparison	  of	  the	  results	  from	  the	  two	  boreholes,	  located	  only	  215	  m	  
apart,	  indicates	  a	  similarity	  of	  the	  distributions	  of	  fractures	  and	  bedding	  (Figure	  34	  
and	  Figure	  35),	  but	  no	  one-­‐to-­‐one	  correlation	  of	  sedimentary	  sequences	  and	  
hydraulically	  conductive	  intervals	  (Figure	  37).	  Lithology	  in	  both	  boreholes	  is	  
dominated	  by	  tan	  to	  pink	  sandstone	  with	  thinner	  mudstone	  layers	  ranging	  from	  
gray	  to	  purple	  and	  red	  in	  color,	  and	  the	  bedding	  statistics	  are	  nearly	  identical.	  
However,	  no	  individual	  layers	  could	  be	  traced	  from	  one	  well	  to	  the	  other.	  Diagnostic	  
geophysical	  properties,	  e.g.	  natural	  gamma,	  resistivity,	  and	  magnetic	  susceptibility,	  
having	  similar	  ranges	  in	  both	  boreholes,	  exhibit	  no	  characteristic	  features	  for	  
crosswell	  correlation.	  These	  results	  suggest	  extremely	  high	  lateral	  variability	  in	  
sedimentary	  properties	  (and	  likely,	  the	  depositional	  environment)	  of	  these	  Newark	  
basin	  sediments.	  	  
A	  few	  of	  the	  transmissive	  intervals	  appear	  to	  correlate	  between	  the	  two	  
boreholes	  (Figure	  37).	  Given	  an	  average	  bedding	  dip	  of	  9°	  and	  215	  m	  lateral	  
separation,	  ~35-­‐m	  depth	  offset	  is	  expected	  between	  the	  same	  stratigraphic	  levels.	  
The	  two	  deepest	  transmissive	  zones	  in	  TW3	  (T1	  and	  T2,	  Figure	  37)	  occur	  at	  the	  





respectively).	  One	  pair,	  zones	  T2	  and	  T3’,	  is	  characterized	  by	  the	  same-­‐order	  
transmissivity	  in	  both	  boreholes	  (10-­‐7	  m/s2).	  The	  other	  pair,	  zones	  T1	  and	  T2’,	  
appears	  to	  have	  different	  tranmissivity,	  but	  higher	  values	  in	  TW4	  may	  be	  a	  
computational	  artifact	  (see	  Methods	  for	  details).	  Correlation	  of	  the	  third,	  most	  
conductive	  zone	  in	  TW3	  (T3)	  is	  more	  ambiguous.	  Stratigraphically,	  it	  roughly	  
corresponds	  to	  the	  conductive	  zone	  T5’	  in	  TW4,	  but	  the	  latter	  has	  a	  transmissivity	  
two	  orders	  of	  magnitude	  lower.	  Other	  characteristics	  of	  zone	  T3,	  such	  as	  the	  
presence	  of	  prominent	  high-­‐angle	  fractures,	  low	  resistivity,	  relatively	  high	  magnetic	  
susceptibility,	  and	  high	  transmissivity,	  closely	  resemble	  another	  transmissive	  zone	  
in	  TW4	  that	  occurs	  at	  a	  deeper	  stratigraphic	  level	  (T4’).	  The	  latter	  correlation	  would	  
imply	  that	  fractured	  transmissive	  zones	  do	  not	  necessarily	  follow	  the	  stratigraphic	  
lines.	  Unambiguous	  correlation	  of	  these	  zones	  between	  the	  two	  boreholes	  was	  not	  
possible	  with	  the	  existing	  data.	  More	  extensive	  hydraulic	  testing	  with	  monitoring	  of	  
hydraulic	  communication	  between	  the	  boreholes	  is	  needed	  for	  such	  analysis.	  
Transmissive	  high-­‐angle	  fractures	  introduce	  strong	  horizontal	  anisotropy	  to	  
hydraulic	  properties	  by	  creating	  a	  preferential	  flow	  path	  along	  strike.	  Most	  of	  the	  
high-­‐angle	  fractures	  at	  the	  locality	  strike	  NE-­‐SW;	  however,	  the	  two	  boreholes	  lie	  on	  
the	  line	  perpendicular	  to	  this	  direction.	  Thus,	  the	  lack	  of	  one-­‐to-­‐one	  correlation	  of	  
the	  transmissive	  zones	  in	  the	  two	  boreholes	  is	  in	  agreement	  with	  the	  expected	  
anisotropy	  direction	  in	  these	  fractured	  formations.	  Similar	  to	  these	  results,	  Morin	  et	  





formation	  in	  one	  well	  could	  be	  traced	  to	  producing	  zones	  along	  the	  same	  
stratigraphic	  level	  in	  nearby	  boreholes	  located	  less	  than	  100	  meters	  apart.	  
High	  lateral	  heterogeneity	  in	  hydraulic	  properties	  of	  these	  fractured	  
formations	  presents	  challenges	  for	  assessing	  their	  CO2	  storage	  potential.	  In	  
particular,	  extrapolation	  of	  borehole	  and	  laboratory	  analysis	  to	  the	  basin	  scale	  
cannot	  be	  done	  with	  certainty.	  Cross-­‐well	  hydraulic	  testing	  for	  multiple	  boreholes	  
would	  be	  a	  useful	  next	  step	  for	  the	  formation	  characterization.	  This	  study	  indicates	  
that	  conductive	  zones	  in	  the	  northern	  Newark	  basin	  sediments	  below	  the	  Palisade	  
sill	  are	  narrow	  and	  localized	  (1-­‐3	  m	  thick),	  and	  have	  low	  ambient	  flow,	  usually	  
below	  the	  resolution	  of	  borehole	  flowmeters.	  These	  zones	  do	  not	  possess	  enough	  
porosity	  and	  permeability	  for	  large-­‐scale	  CO2	  storage,	  but	  they	  do	  provide	  a	  useful	  
setting	  for	  controlled	  injection	  experiments	  at	  a	  smaller	  scale,	  e.g.,	  for	  studying	  
geochemical	  and	  biological	  interactions	  of	  injected	  CO2	  with	  formation	  water	  and	  






Figure	  37.	  A	  potion	  of	  geophysical	  and	  hydraulic	  logs	  illustrating	  possible	  correlation	  
of	  select	  hydraulically	  conductive	  zones	  in	  the	  two	  boreholes	  (conductive	  ones	  are	  
labeled	  sequentially	  in	  each	  well,	  with	  estimated	  transmissivity	  shown	  in	  black).	  Solid	  
lines	  indicate	  the	  expected	  stratigraphic	  offset	  between	  the	  boreholes.	  Dashed	  line	  
illustrates	  a	  potential	  correlation	  of	  the	  most	  fractured	  and	  conductive	  zone	  that	  does	  





















































































1) Fractures	  are	  abundant	  in	  the	  Palisade	  sill	  and	  underlying	  Newark	  
basin	  sediments	  (preliminarily	  attributed	  to	  the	  Lockatong	  
formation).	  They	  form	  two	  main	  sets	  consistent	  with	  the	  tectonic	  
history	  of	  the	  basin:	  high-­‐angle	  fractures	  dipping	  to	  the	  SE,	  and	  
shallow-­‐angle,	  roughly	  bed-­‐parallel	  fractures	  dipping	  to	  the	  NW.	  High-­‐
angle	  fractures	  are	  more	  abundant	  closer	  to	  the	  sill	  contact;	  their	  
formation	  was	  likely	  enhanced	  by	  thermal	  cracking	  when	  the	  sill	  was	  
emplaced.	  Hydraulic	  properties	  of	  these	  fractures,	  however,	  are	  not	  
uniquely	  controlled	  by	  the	  sill	  path.	  
2) Transmissive	  zones	  identified	  by	  hydraulic	  testing	  in	  the	  Lockatong	  
formation	  are	  sparse	  (3-­‐7	  in	  ~250	  m)	  and	  narrow	  (1-­‐3	  m	  thick).	  The	  
transmissivity	  of	  individual	  zones	  ranges	  from	  10-­‐9	  to	  10-­‐5	  m2/s.	  	  
While	  some	  of	  the	  trasmissive	  zones	  correspond	  to	  distinct	  fractures	  
observed	  in	  borehole	  images	  and	  core,	  the	  majority	  of	  fractures	  do	  not	  
contribute	  to	  hydraulic	  conductivity	  of	  the	  formation.	  The	  Palisade	  sill	  
is	  impermeable	  at	  all	  observed	  depths,	  despite	  a	  dense	  fracturing.	  	  
3) Many	  fractures	  in	  the	  core	  recovered	  from	  TW4	  are	  mineralized,	  and	  
are	  likely	  to	  behave	  as	  flow	  barriers.	  Laboratory	  data	  suggest	  matrix	  
permeability	  on	  the	  order	  of	  1-­‐10	  mD	  in	  many	  sandstone	  layers	  that	  





and	  other	  heterogeneities	  are	  inferred	  to	  decrease	  the	  hydraulic	  
conductivity	  in	  these	  formations.	  	  
4) Only	  some	  of	  the	  transmissive	  zones	  can	  be	  correlated	  between	  the	  
boreholes	  laterally	  separated	  by	  215	  m,	  which	  is	  consistent	  with	  high	  
lateral	  anisotropy	  introduced	  by	  high-­‐angle	  conductive	  fractures.	  The	  
Newark	  basin	  sedimentary	  sequence,	  although	  characterized	  by	  
similar	  physical	  properties	  and	  bed	  statistics,	  also	  differs	  between	  the	  
two	  boreholes.	  
5) All	  conductive	  zones	  detected	  in	  these	  sediments	  are	  narrow	  and	  
localized	  (1-­‐3	  m	  thick),	  and	  have	  low	  or	  zero	  ambient	  flow.	  The	  
porosity	  and	  permeability	  in	  these	  zones	  are	  too	  low	  for	  large-­‐scale	  
CO2	  injection	  and	  storage,	  but	  they	  provide	  a	  useful	  setting	  for	  
controlled	  injection	  experiments	  at	  a	  small	  scale,	  e.g.,	  for	  studying	  CO2	  






Chapter	  V.	  Discussion	  –	  Advantages	  and	  limitations	  of	  
carbon	  storage	  in	  unconventional	  reservoirs	  
	  1.	  CO2	  sequestration	  in	  basalt	  
The	  immobilization	  of	  injected	  CO2	  by	  mineralization	  in	  basaltic	  rocks	  offers	  
a	  critical	  advantage	  for	  long-­‐term	  CO2	  storage.	  Originally	  considered	  a	  primary	  
option	  for	  carbon	  sequestration,	  CO2	  injected	  sedimentary	  formations	  remains	  
mobile,	  raising	  concerns	  about	  the	  difficulty	  of	  long-­‐term	  monitoring	  and	  the	  
potential	  liability	  of	  CO2	  leakage	  from	  these	  reservoirs	  that	  occurs	  decades	  or	  even	  
centuries	  after	  injection	  [e.g.,	  De	  Figueiredo,	  2007;	  Wilson	  et	  al.,	  2007].	  As	  CO2	  plume	  
migrates	  further	  away	  from	  the	  injection	  site	  and	  spreads	  over	  larger	  volume	  in	  the	  
subsurface,	  the	  probability	  of	  encountering	  unknown	  geologic	  and	  manmade	  
features	  such	  as	  unsealed	  faults	  and	  abandoned	  wells	  increases	  [e.g.,	  Bachu	  and	  
Celia,	  2009;	  Lewicki	  et	  al.,	  2007;	  Nordbotten	  et	  al.,	  2008].	  Mineral	  trapping,	  on	  the	  
other	  hand,	  which	  occurs	  much	  faster	  in	  igneous	  rocks,	  dramatically	  reduces	  the	  
risk	  of	  leakage	  over	  time	  and	  could	  thus	  ease	  the	  regulatory	  framework	  and	  
improve	  public	  acceptance	  of	  the	  geologic	  carbon	  storage.	  
	  The	  worldwide	  storage	  capacity	  and	  a	  high	  speed	  of	  mineralization	  reactions	  





following	  discussion	  extrapolates	  the	  results	  presented	  in	  this	  dissertation	  in	  the	  
context	  of	  these	  two	  major	  questions,	  and	  summarizes	  available	  information	  on	  the	  
potential	  for	  large-­‐scale	  CO2	  storage	  in	  basaltic	  rocks.	  
1.1	  Basalt	  CO2	  storage	  capacity	  
Two	  distinct	  types	  of	  basaltic	  formations	  are	  described	  in	  the	  preceding	  
chapters:	  extensive	  flood	  basalts	  in	  the	  Columbia	  River	  Basalt	  Group	  (CRBG),	  and	  a	  
smaller	  intrusive	  dolerite	  body,	  the	  Palisade	  sill,	  within	  the	  Central	  Atlantic	  
Magmatic	  Province	  (CAMP).	  As	  shown	  in	  Chapter	  4,	  the	  Palisade	  sill	  in	  the	  northern	  
part	  of	  the	  Newark	  basin	  does	  not	  contain	  permeable	  zones	  that	  could	  serve	  as	  CO2	  
reservoirs.	  Although	  this	  result	  does	  not	  rule	  out	  the	  potential	  of	  other	  intrusive	  
basalts	  for	  CO2	  storage,	  it	  illustrates	  that,	  compared	  to	  extrusive	  flows,	  they	  are	  less	  
likely	  to	  have	  extensive	  porous	  zones	  suitable	  for	  fluid	  injection.	  Extrusive	  basalts	  
within	  CAMP,	  e.g.,	  the	  Orange	  Mountain	  basalt	  in	  the	  Newark	  basin,	  were	  shown	  to	  
have	  porous	  interflow	  zones	  and	  massive	  flow	  interiors,	  that	  together	  form	  a	  
suitable	  structure	  for	  CO2	  injection	  and	  long-­‐term	  containment,	  similar	  to	  the	  
Columbia	  River	  flood	  basalt	  [Goldberg	  et	  al.,	  2010].	  Due	  to	  a	  smaller	  extent	  and	  
lesser	  number	  of	  preserved	  flows,	  CAMP	  basalts	  in	  onshore	  Mesozoic	  rift	  basins	  
along	  the	  US	  eastern	  seaboard	  are	  likely	  to	  have	  smaller	  storage	  capacity	  then	  the	  
CRBG	  but	  could	  provide	  important	  regional	  option	  for	  CO2	  storage	  on	  the	  East	  Coast.	  
A	  detailed	  characterization	  of	  the	  Columbia	  River	  basalt	  by	  the	  Wallula	  Pilot	  
Sequestration	  Project	  indicates	  high	  CO2	  storage	  potential	  of	  these	  continental	  flood	  





extensive	  interflow	  zones	  in	  the	  CRBG	  are	  characterized	  by	  high	  vesicular	  porosity,	  
and	  moderate	  to	  high	  permeability,	  satisfying	  the	  reservoir	  screening	  criteria,	  while	  
impermeable	  massive	  basalt	  in	  flow	  interiors	  provides	  effective	  caprock	  [Schaef	  et	  
al.,	  2009].	  Following	  a	  successful	  characterization	  phase,	  the	  Big	  Sky	  Carbon	  
Sequestration	  Partnership	  has	  injected	  1,000	  tons	  of	  CO2	  in	  the	  selected	  Grande	  
Ronde	  basalt	  at	  the	  Wallula	  site	  in	  2013.	  This	  is	  the	  largest	  CO2	  injection	  in	  basalt	  to	  
date,	  and	  it	  represents	  an	  important	  step	  toward	  proving	  the	  feasibility	  of	  such	  
sequestration.	  However,	  this	  pilot	  volume	  is	  not	  yet	  representative	  of	  the	  scale	  
needed	  for	  CCS	  implementation,	  and	  the	  important	  question	  remains	  whether	  
basaltic	  formations	  can	  provide	  enough	  storage	  capacity	  for	  large-­‐scale	  CO2	  
sequestration.	  
Globally,	  manmade	  sources	  currently	  emit	  almost	  35	  Gt	  CO2	  per	  year	  (~9.5	  
Gt	  C),	  and	  this	  figure	  is	  projected	  to	  rise	  to	  42	  Gt	  	  (~11.5	  Gt	  C)	  by	  2020	  [Resources,	  
2013].	  The	  CO2	  storage	  capacity	  of	  the	  CRBG	  is	  currently	  estimated	  at	  ~100	  Gt	  
[McGrail	  et	  al.,	  2006],	  equivalent	  to	  almost	  20	  years	  of	  the	  US	  CO2	  emissions	  (~5.5	  
Gt/yr).	  With	  the	  total	  volume	  on	  the	  order	  of	  106	  km3,	  however,	  the	  CRBG	  is	  the	  
smallest	  of	  the	  Large	  Igneous	  Provinces	  (LIPs)	  [Coffin	  and	  Eldholm,	  1994].	  A	  few	  
dozen	  larger	  LIPs,	  that	  include	  oceanic	  plateaus	  as	  well	  as	  continental	  flood	  basalts,	  
exist	  in	  the	  world	  (Figure	  3).	  Similar	  to	  the	  CRBG,	  many	  of	  these	  provinces,	  e.g.	  the	  
Deccan,	  the	  Siberian,	  and	  the	  Ethiopian	  flood	  basalts,	  contain	  thick	  successions	  of	  
nearly	  flat-­‐lying,	  subaerially	  erupted,	  predominantly	  tholeiitic	  lava	  flows	  that	  extend	  





Zolotukhin	  and	  Al’Mukhamedov,	  1988].	  Little	  quantitative	  information	  about	  their	  
reservoir	  properties	  is	  available	  to	  date,	  but	  preliminary	  numbers	  are	  promising.	  
For	  example,	  the	  Deccan	  Traps,	  with	  the	  volume	  of	  ~8*106	  km3	  [Coffin	  and	  Eldholm,	  
1994],	  are	  projected	  to	  have	  reservoir	  volume	  of	  about	  150	  Gt	  [Jayaraman,	  2007].	  
The	  Kerguelen	  Plateau,	  which	  is	  at	  least	  an	  order	  of	  magnitude	  larger	  than	  the	  
CRBG,	  about	  (15-­‐20)*106	  km3	  [Coffin	  and	  Eldholm,	  1994],	  is	  estimated	  to	  have	  a	  CO2	  
storage	  capacity	  of	  ~1500	  Gt	  [Goldberg	  et	  al.,	  2013].	  Although	  these	  are	  preliminary	  
numbers,	  they	  suggest	  that	  CO2	  storage	  capacity	  scales	  with	  the	  flood	  basalt	  volume,	  
and	  hundreds	  of	  gigatons	  more	  could	  be	  potentially	  sequestered	  in	  other	  LIPs.	  As	  an	  
extreme	  example,	  the	  Ontong	  Java	  Plateau	  has	  the	  volume	  of	  (36-­‐76)*106	  km3,	  three	  
times	  the	  volume	  of	  Kerguelen	  [Coffin	  and	  Eldholm,	  1994].	  Therefore,	  a	  potential	  CO2	  
storage	  capacity	  of	  LIPs	  may	  approach	  centuries’	  worth	  of	  current	  emissions.	  	  
By	  far	  the	  largest	  potential	  reservoir	  for	  anthropogenic	  CO2	  is	  the	  ocean	  floor	  
basalts	  [Gislason	  and	  Oelkers,	  2014;	  Goldberg	  and	  Slagle,	  2009;	  Goldberg	  et	  al.,	  2008].	  
Drilling	  and	  seismic	  evidence	  indicates	  that	  oceanic	  crust	  retains	  significant	  part	  of	  
its	  initial	  porosity	  for	  millions	  of	  years	  [e.g.,	  Jarrard	  et	  al.,	  2003].	  Presence	  of	  
impermeable	  deep-­‐water	  sediments,	  the	  weight	  of	  water	  column	  and	  favorable	  
conditions	  for	  forming	  hydrates	  could	  provide	  additional	  stratigraphic,	  gravitational	  
and	  hydrate	  trapping	  mechanisms,	  increasing	  CO2	  storage	  security.	  Goldberg	  and	  
Slagle	  [2009]	  estimated	  the	  total	  storage	  potential	  of	  18	  deep-­‐sea	  basalt	  aquifers	  
worldwide	  to	  be	  at	  the	  order	  of	  thousands	  of	  gigatons	  of	  CO2,	  enough	  to	  store	  





site-­‐specific	  studies	  and	  in	  situ	  tests,	  available	  drilling	  data	  and	  a	  vast	  volume	  of	  
ocean	  crust	  basalts	  make	  them	  a	  promising	  target	  for	  CO2	  storage,	  if	  such	  
sequestration	  can	  be	  made	  commercially	  viable.	  
Utilizing	  sub-­‐sea	  basalts	  and	  oceanic	  plateaus	  for	  carbon	  storage	  would	  
certainly	  entail	  additional	  technical	  challenges	  and	  costs	  related	  to	  long-­‐distance	  
CO2	  transport,	  submarine	  operations	  and	  site	  maintenance.	  One	  way	  to	  overcome	  
some	  of	  these	  challenges	  is	  the	  development	  of	  semi-­‐autonomous	  synergetic	  
systems,	  e.g.	  relying	  on	  renewable	  sources	  for	  energy	  supply	  and	  co-­‐located	  CO2	  
capture	  from	  air	  [Goldberg	  et	  al.,	  2013].	  It	  is	  also	  expected	  that	  suitable	  submarine	  
sequestration	  sites	  can	  also	  be	  found	  near	  continental	  margins,	  close	  to	  CO2	  sources	  
and	  transport	  infrastructure	  [Gislason	  and	  Oelkers,	  2014;	  Goldberg	  and	  Slagle,	  2009].	  	  
Overall,	  the	  most	  effective	  strategy	  will	  likely	  be,	  first,	  proving	  the	  feasibility	  
of	  large-­‐scale	  CO2	  sequestration	  in	  basalt	  on	  land,	  and	  then,	  if	  successful,	  expanding	  
it	  into	  submarine	  sites.	  Extensive	  vesicular	  and	  brecciated	  zones	  in	  continental	  flood	  
basalt,	  e.g.,	  the	  Columbia	  River	  plateau,	  the	  Deccan	  Traps,	  the	  Siberian	  Traps,	  and	  
the	  Afro-­‐Arabia	  flood	  basalt,	  could	  provide	  CO2	  reservoirs	  on	  virtually	  every	  
continent.	  In	  addition,	  low-­‐volume	  basalt	  flows	  and	  fractured	  intrusives	  may	  
potentially	  serve	  as	  smaller-­‐scale	  local	  targets	  [Goldberg	  et	  al.,	  2010;	  Pollyea	  et	  al.,	  
2014];	  however,	  as	  illustrated	  by	  hydraulic	  testing	  in	  the	  Palisade	  sill	  presented	  in	  
Chapter	  4,	  even	  densely	  fractured	  intrusive	  basalt	  can	  be	  impermeable,	  and	  instead	  
serve	  as	  caprock	  for	  underlying	  formations.	  Therefore,	  site-­‐specific	  assessment	  of	  





1.2	  Mineralization	  rates	  
Most	  estimates	  of	  CO2	  mineralization	  rates	  in	  basalt	  have	  been	  made	  using	  
natural	  analogs	  and	  laboratory	  experiments	  [e.g.,	  Dessert	  et	  al.,	  2003;	  Mcling	  et	  al.,	  
2009;	  Oelkers	  et	  al.,	  2008;	  Schaef	  et	  al.,	  2010].	  They	  provide	  the	  essential	  
information	  for	  constraining	  reaction	  rates	  and	  reaction	  products,	  and	  suggest	  that	  
basalt	  dissolution	  and	  carbonate	  precipitation	  occurs	  on	  the	  timescale	  of	  weeks	  to	  
months.	  Ultimately,	  however,	  field	  experiments	  are	  needed	  to	  evaluate	  
mineralization	  rates	  under	  in	  situ	  conditions,	  and	  at	  reservoir	  scales,	  in	  order	  to	  
establish	  whether	  reactions	  can	  proceed	  at	  high	  rates	  for	  a	  substantial	  time,	  and	  to	  
evaluate	  limiting	  factors	  such	  as	  reduction	  of	  the	  reaction	  surface	  area.	  The	  Wallula	  
Pilot	  project	  is	  currently	  pending	  a	  post-­‐injection	  assessment;	  but	  the	  CarbFix	  
project	  in	  southwest	  Iceland,	  the	  only	  other	  basalt	  sequestration	  project	  in	  the	  
world,	  has	  recently	  demonstrated	  the	  feasibility	  of	  nearly	  complete	  mineralization	  
trapping	  of	  injected	  CO2	  in	  basalt	  [Gislason	  and	  Oelkers,	  2014].	  	  
The	  CarbFix	  project	  in	  Iceland	  has	  injected	  over	  100	  tons	  of	  water-­‐dissolved	  
CO2	  since	  July	  2013	  in	  a	  porous	  basaltic	  reservoir	  below	  the	  depth	  of	  500	  m.	  
Analysis	  of	  tracers	  concentration	  in	  monitoring	  wells	  suggests	  that	  over	  80%	  of	  
injected	  CO2	  was	  carbonated	  within	  a	  year	  [Matter	  et	  al.,	  2013].	  The	  CarbFix	  
injection	  method,	  however,	  requires	  large	  amounts	  of	  water,	  as	  only	  about	  5%	  of	  the	  
injected	  mass	  is	  CO2.	  Applying	  such	  methods	  at	  other	  continental	  locations	  can	  be	  
challenging	  due	  to	  limited	  water	  availability	  and/or	  large	  risks	  of	  inducing	  





by	  Active	  CO2	  Reservoir	  Management	  techniques	  described	  in	  the	  next	  section.	  For	  
basalts	  on	  continental	  margins	  and	  ocean	  floor,	  seawater	  could	  provide	  a	  virtually	  
unlimited	  supply	  of	  injection	  fluid,	  which	  is	  another	  important	  consideration	  in	  
determining	  the	  optimal	  reservoir	  location.	  
Both	  the	  CRBG	  and	  the	  target	  reservoir	  basalt	  in	  Iceland	  are	  relatively	  young,	  
~15	  Ma	  and	  300-­‐500	  kyr,	  respectively	  [Gislason	  et	  al.,	  2010;	  McGrail	  et	  al.,	  2011].	  
One	  of	  the	  concerns	  for	  older	  LIP	  basalts	  is	  potentially	  higher	  degree	  of	  alteration,	  
and	  thus	  lower	  reactivity	  with	  injected	  CO2,	  as	  most	  LIPs	  on	  Earth	  are	  tens	  to	  
hundreds	  million	  years	  old	  [Bryan	  and	  Ernst,	  2008].	  The	  data	  on	  reactivity	  of	  basalts	  
from	  LIPs,	  other	  than	  the	  CRBG	  and	  the	  Deccan	  Traps,	  is	  limited.	  Preliminary	  results	  
do	  not	  indicate	  a	  correlation	  with	  age,	  however.	  Schaef	  et	  al.	  [2010]	  compared	  
reactivity	  of	  five	  volcanic	  province	  basalts:	  the	  CRBG	  (~15	  Ma),	  the	  Deccan	  Traps	  
(~65	  Ma),	  the	  Karoo	  Province	  (~180	  Ma),	  and	  two	  CAMP	  basalt	  samples	  from	  South	  
Carolina	  and	  Connecticut	  (~200	  Ma).	  All	  samples	  had	  carbonate	  precipitates	  formed	  
after	  a	  few	  hundred	  days	  for	  exposure	  to	  supercritical	  CO2,	  but	  the	  CAMP	  basalt	  
from	  Connecticut	  was	  by	  far	  the	  most	  reactive	  of	  all	  tested	  samples,	  while	  the	  Karoo	  
basalt	  the	  least	  reactive,	  although	  they	  have	  comparable	  ages.	  Furthermore,	  no	  
correlation	  was	  found	  between	  the	  composition	  or	  the	  depth	  of	  basalt	  samples	  and	  
their	  reactivity	  with	  CO2.	  These	  results	  once	  again	  demonstrate	  that	  CO2	  storage	  
conditions	  in	  basalt	  are	  extremely	  site-­‐specific,	  and	  therefore,	  more	  studies	  are	  
needed	  in	  various	  basaltic	  formations	  worldwide	  in	  order	  to	  quantitatively	  assess	  





2.	  Role	  of	  fractures	  in	  CO2	  reservoirs	  
2.1	  Induced	  seismicity	  
The	  risk	  of	  induced	  seismicity	  is	  relevant	  both	  to	  conventional	  and	  
unconventional	  reservoirs,	  but	  it	  is	  particularly	  acute	  for	  fractured	  and	  moderate	  
permeability	  formations	  (igneous	  and	  sedimentary	  alike),	  since	  reactivation	  of	  
existing	  faults	  due	  to	  pore	  pressure	  buildup	  is	  the	  primary	  mechanism	  for	  inducing	  
earthquakes.	  As	  demonstrated	  in	  Chapter	  3,	  stress	  perturbations	  may	  create	  locally	  
‘relaxed’	  stress	  conditions,	  allowing	  for	  pore	  pressure	  increases	  without	  reaching	  
critical	  stress	  limits.	  However,	  the	  temporal	  evolution	  and	  spatial	  extent	  of	  such	  
zones	  may	  put	  important	  constraints	  on	  permissible	  volumes	  of	  CO2	  injections.	  
Zoback	  and	  Gorelick	  [2012]	  argued	  that,	  due	  to	  the	  critically	  stressed	  nature	  of	  the	  
crust,	  carbon	  sequestration	  at	  a	  large	  enough	  scale	  would	  not	  be	  possible	  without	  
inducing	  significant	  seismicity.	  What	  scale	  is	  ‘large’?	  Are	  seismic	  risks	  prohibitive	  
for	  CCS	  implementation?	  These	  questions	  still	  need	  to	  be	  better	  quantified.	  Given	  
the	  scarcity	  of	  large	  CCS	  projects	  worldwide,	  one	  way	  to	  assess	  its	  feasibility	  is	  by	  
comparing	  it	  to	  the	  volume	  of	  underground	  injections	  used	  in	  other	  technologies.	  	  
Underground	  injections	  have	  been	  widely	  utilized	  in	  geothermal	  energy	  and	  
hydrocarbon	  production,	  and	  for	  wastewater	  disposal.	  Total	  wastewater	  and	  flow	  
back	  fluid	  produced	  by	  the	  oil	  and	  gas	  industry	  alone	  amounts	  to	  around	  3	  Gt	  in	  the	  
US	  annually	  [Clark	  and	  Veil,	  2009].	  Around	  95	  %	  of	  that	  water	  is	  managed	  though	  
injections,	  but	  part	  of	  it	  is	  usually	  recycled,	  and	  around	  one	  third	  ,	  ~1	  Gt,	  is	  injected	  





annual	  CO2	  emissions	  of	  ~5.5	  Gt	  in	  the	  US,	  and	  it	  does	  not	  include	  industrial	  waste	  
and	  other	  sources	  of	  wastewater.	  The	  scale	  of	  current	  wastewater	  injection	  in	  the	  
US	  is	  comparable	  to	  the	  injection	  volumes	  required	  for	  full	  CCS	  implementation.	  
Many	  thousands	  of	  injection	  wells	  have	  been	  operating	  without	  causing	  earthquakes	  
for	  decades,	  which	  suggests	  that	  ambient	  conditions	  in	  many	  geologic	  formations	  
are	  far	  from	  critical	  failure	  limits	  [NAS,	  2012;	  Ellsworth,	  2013].	  At	  the	  same	  time,	  an	  
increasing	  number	  of	  intraplate	  earthquakes,	  attributed	  to	  the	  expansion	  of	  
wastewater	  injection	  related	  to	  shale	  gas	  production,	  has	  raised	  concerns	  about	  the	  
feasibility	  of	  safely	  increasing	  total	  injection	  volumes	  much	  further	  [Kim,	  2013;	  
Karenen	  et	  al.,	  2013].	  Ultimately,	  better	  knowledge	  of	  stress	  and	  pressure	  
conditions,	  and	  hydrogeologic	  properties	  at	  depth	  will	  be	  needed	  to	  develop	  a	  
predictive	  understanding	  of	  the	  induced	  seismicity	  hazard	  and	  establish	  safe	  
injection	  limits	  at	  each	  site.	  
A	  possible	  solution	  to	  the	  problem	  of	  pressure	  buildup	  from	  a	  CO2	  injection	  is	  
the	  implementation	  of	  Active	  CO2	  Reservoir	  Management	  (ACRM)	  that	  combines	  
CO2	  injection	  and	  formation	  water	  production	  [Buscheck	  et	  al.,	  2012;	  Buscheck	  et	  al.,	  
2011;	  Court	  et	  al.,	  2011].	  In	  addition	  to	  relieving	  pore	  pressure	  buildup,	  ACRM	  is	  
expected	  to	  allow	  increasing	  injectivity,	  reducing	  leakage	  risks,	  manipulating	  CO2	  
migration	  paths,	  and	  potentially	  meeting	  water	  demands	  associated	  with	  energy	  
production	  and	  CCS.	  Various	  strategies	  to	  offset	  the	  cost	  of	  formation	  water	  
production	  were	  proposed,	  including	  utilization	  for	  power	  plant	  cooling	  [Kobos	  et	  





al.,	  2011],	  and	  geothermal	  energy	  production	  [Harto	  and	  Veil,	  2011].	  Overall,	  while	  
disposal	  of	  produced	  water	  may	  present	  a	  significant	  challenge	  for	  ACRM	  
implementation	  on	  land,	  it	  does	  not	  appear	  to	  be	  a	  problem	  offshore	  and	  on	  the	  
coasts.	  It	  also	  appears	  as	  an	  ideal	  solution	  for	  the	  type	  of	  sequestration	  project	  
implemented	  in	  Iceland	  that	  both	  allow	  for	  geothermal	  energy	  extraction	  and	  
require	  large	  volumes	  of	  water	  for	  aqueous	  CO2	  dissolution.	  
Although	  induced	  seismicity	  represents	  an	  important	  concern	  for	  large-­‐scale	  
CCS,	  engineering	  solutions	  for	  pressure	  management	  can	  be	  designed	  and	  
implemented	  for	  site-­‐specific	  conditions	  and	  local	  water	  demands	  as	  needed.	  It	  is	  
extremely	  important,	  therefore,	  to	  evaluate	  the	  in	  situ	  stress	  regime	  and	  baseline	  
pore	  pressure	  conditions	  at	  the	  early	  stages	  of	  site	  characterization	  for	  CO2	  storage	  
and	  to	  maintain	  seismic	  and	  pressure	  monitoring	  throughout	  the	  lifecycle	  of	  the	  site.	  
2.2	  Fracture	  hydrology	  
Making	  generalizations	  about	  CO2	  storage	  in	  fractured	  reservoirs	  is	  
challenging,	  because	  fracture	  hydrology	  is	  extremely	  site-­‐specific.	  The	  case	  study	  in	  
the	  northern	  Newark	  basin	  described	  in	  Chapter	  4	  suggests	  that	  fractured	  aquifers	  
below	  the	  Palisade	  sill	  have	  very	  limited	  hydraulic	  conductivity	  and	  are	  
characterized	  by	  high	  lateral	  heterogeneity.	  Furthermore,	  borehole	  observations	  
and	  hydraulic	  testing	  of	  fractured	  intervals	  in	  the	  Columbia	  River	  basalt	  (Chapter	  1)	  
and	  the	  Newark	  basin	  sediments	  (Chapter	  4)	  suggest	  that	  the	  majority	  fractures	  at	  
depth	  are	  closed.	  This	  is	  consistent	  with	  a	  theoretical	  prediction	  that	  the	  maximum	  





exceed	  ~1/100	  of	  a	  millimeter,	  unless	  the	  fracture	  is	  critically	  stressed	  and	  slides	  in	  
shear	  [Zoback,	  2010].	  If	  permeable	  and	  critically	  stressed	  fractures	  are	  present	  in	  a	  
reservoir,	  increasing	  pore	  pressure	  by	  injecting	  CO2	  will	  cause	  slip	  and	  can	  
potentially	  induce	  earthquakes.	  Therefore,	  fractures	  in	  tight	  formations	  with	  low	  
matrix	  permeability	  are	  unlikely	  to	  provide	  enough	  storage	  capacity	  for	  safe	  CO2	  
injection	  at	  large	  scales.	  Fractured	  sedimentary	  formations	  are	  more	  likely	  to	  be	  
suitable	  for	  small-­‐scale	  controlled	  experiments	  and	  pilot	  injection	  tests	  [Ogata	  et	  al.,	  
2012;	  Yang	  et	  al.,	  2014].	  
One	  of	  the	  major	  challenges	  in	  working	  with	  fractured	  formations	  is	  
understanding	  their	  response	  to	  chemical	  and	  mechanical	  changes	  induced	  by	  CO2	  
injection.	  There	  has	  been	  significant	  progress	  in	  modeling	  coupled	  hydromechanical	  
processes	  and	  reactive	  flow	  through	  fractured	  media	  [e.g.,	  Kang	  et	  al.,	  2010;	  Rutqvist	  
et	  al.,	  2009],	  but	  little	  field	  data	  exist	  to	  quantify	  these	  effects	  in	  unconventional	  
reservoirs.	  Laboratory	  studies	  suggest	  that	  natural	  heterogeneities	  strongly	  affect	  
the	  evolution	  of	  fracture	  permeability	  and	  make	  it	  hard	  to	  predict	  [Ellis	  et	  al.,	  2011].	  
More	  site-­‐specific	  experimental	  and	  field	  data	  are	  needed	  to	  address	  fracture	  
dynamics	  under	  injection	  conditions	  and	  to	  evaluate	  reservoir	  performance	  and	  
caprock	  stability	  in	  fractured	  formations.	  
3.	  Considerations	  for	  site	  characterization	  and	  monitoring	  
High	  heterogeneity	  and	  complex	  porosity	  structure	  in	  unconventional	  





properties.	  As	  shown	  in	  Chapter	  1,	  the	  prevalence	  of	  vesicular	  porosity	  in	  basalts	  
can	  lead	  to	  the	  overestimation	  of	  porosity	  values	  by	  geophysical	  methods.	  These	  
methods	  are	  mostly	  sensitive	  to	  total	  pore	  volume	  that	  may	  not	  be	  interconnected	  
and	  thus	  unavailable	  for	  fluid	  flow.	  Fractured	  reservoirs,	  as	  demonstrated	  in	  
Chapters	  1	  and	  4,	  exhibit	  high	  variability	  in	  hydraulic	  properties	  that	  can	  rarely	  be	  
predicted	  from	  observations	  of	  fracture	  parameters	  alone.	  Since	  few	  universal	  rules	  
about	  fracture	  hydrology	  apply,	  site-­‐specific	  characterization	  is	  particularly	  
important	  in	  unconventional	  reservoirs.	  Furthermore,	  hydraulic	  properties	  of	  
unconventional	  reservoirs	  depend	  strongly	  on	  the	  scale	  of	  investigation	  because	  
heterogeneities	  in	  the	  rock	  matrix,	  microcracks,	  fractures	  and	  large	  faults	  may	  all	  
contribute	  differently	  to	  fluid	  conductivity.	  Conducting	  field	  hydraulic	  tests	  in	  
unconventional	  reservoirs	  is	  essential	  at	  early	  stages	  of	  reservoir	  and	  caprock	  
characterization,	  as	  they	  allow	  determining	  hydraulic	  properties	  at	  the	  scale	  
adequate	  for	  injection	  and	  under	  in	  situ	  conditions.	  	  
In	  order	  to	  reduce	  the	  risk	  of	  induced	  seismicity	  from	  large-­‐scale	  CCS	  
implementation,	  geomechanical	  analysis	  should	  also	  become	  a	  routine	  part	  of	  site	  
characterization	  for	  CO2	  storage.	  As	  shown	  in	  Chapters	  1	  and	  3,	  significant	  local	  
variability	  in	  the	  state	  of	  stress	  and	  orientation	  of	  fractures	  at	  depth	  is	  observed	  
both	  in	  the	  Columbia	  River	  Basalt	  Province	  and	  the	  Newark	  basin	  (e.g.,	  Figure	  9	  and	  
Figure	  26).	  Analysis	  of	  fracture	  distribution,	  evaluation	  of	  in	  situ	  stress	  and	  the	  
formation	  strength	  are	  therefore	  essential	  for	  predicting	  formation	  stability	  under	  





stress	  field	  with	  certainty,	  direct	  measurements	  of	  the	  minimum	  principal	  stress	  are	  
required,	  e.g.,	  by	  leak-­‐off	  tests	  or	  minifrac	  tests	  in	  boreholes.	  Further	  analysis,	  such	  
as	  borehole	  failure	  modeling,	  should	  be	  done	  to	  extrapolate	  and	  understand	  the	  
measurements.	  As	  illustrated	  in	  Chapter	  3,	  without	  the	  knowledge	  of	  Shmin,	  the	  
stress	  field	  cannot	  be	  reliably	  constrained	  by	  modeling	  or	  other	  methods.	  Once	  the	  
baseline	  state	  of	  stress	  and	  the	  safe	  injection	  conditions	  are	  determined,	  continuous	  
microseismic	  monitoring	  is	  essential	  to	  ensure	  safe	  operations	  (e.g.,	  using	  the	  ‘traffic	  
light’	  operation	  protocol	  suggested	  by	  Zoback	  [2012],	  which	  connects	  injection	  rates	  
to	  observed	  seismicity	  levels).	  One	  of	  the	  benefits	  of	  carbon	  storage	  in	  basalt	  is	  that	  
any	  such	  monitoring	  program	  can	  be	  minimized	  due	  to	  the	  conversion	  of	  liquid	  CO2	  
into	  solid	  phase	  via	  mineral	  trapping,	  which	  has	  the	  potential	  to	  reduce	  seismic	  risks	  
[Yarushina	  and	  Bercovici,	  2013].	  
Carbonation	  monitoring	  in	  basalt	  could	  be	  potentially	  done	  with	  borehole	  
spectroscopy,	  but	  more	  studies	  are	  needed	  to	  quantify	  its	  sensitivity	  to	  carbonate	  
formation	  in	  different	  lithologies.	  Measurements	  of	  the	  total	  neutron	  capture	  cross-­‐
section	  (sigma)	  have	  been	  successfully	  applied	  to	  monitoring	  CO2	  plumes	  and	  
estimating	  CO2	  saturation	  in	  formation	  water	  [Hovorka	  et	  al.,	  2006;	  Ivanova	  et	  al.,	  
2012;	  Müller	  et	  al.,	  2007;	  Sakurai	  et	  al.,	  2006].	  Evaluating	  the	  amount	  of	  solid	  phase	  
precipitates	  using	  spectral	  neutron-­‐induced	  gamma	  measurements	  will	  be	  the	  next	  
essential	  step	  for	  carbonation	  monitoring.	  Core	  calibration	  will	  likely	  be	  needed	  for	  
converting	  such	  borehole	  geochemical	  data	  to	  mineralogical	  information.	  Dual-­‐





mineralogical	  analysis	  of	  carbonates	  in	  core	  samples.	  For	  sedimentary	  rocks,	  FTIR	  
can	  also	  be	  applied	  for	  full	  mineralogical	  analysis	  of	  the	  host	  rock	  matrix	  and	  its	  
alteration	  products	  [Ballard,	  2007;	  Herron	  et	  al.,	  1997;	  Wouters	  et	  al.,	  1999].	  Further	  








1) A	  detailed	  characterization	  of	  the	  Columbia	  River	  basalt	  by	  the	  Wallula	  Pilot	  
Sequestration	  Project	  confirmed	  high	  CO2	  storage	  potential	  of	  these	  
continental	  flood	  basalts.	  26	  flows	  from	  7	  members	  of	  the	  Grande	  Ronde	  
formation	  were	  identified	  in	  the	  logging	  data	  from	  the	  Wallula	  borehole.	  The	  
majority	  of	  the	  interflow	  zones	  have	  apparent	  porosity	  over	  15%	  but	  only	  4	  
of	  them	  uniformly	  exceed	  10	  m	  in	  thickness.	  Flow	  interiors	  are	  characterized	  
by	  low	  permeability	  despite	  the	  abundance	  of	  fractures,	  which	  appear	  to	  be	  
closed	  or	  filled,	  and	  therefore	  flow	  interiors	  represent	  a	  caprock.	  Borehole	  
images	  show	  that	  unfractured	  massive	  basalt	  is	  much	  less	  common;	  thus,	  
understanding	  fracture	  behavior	  under	  injection	  conditions	  will	  be	  key	  to	  
evaluating	  sealing	  properties	  of	  these	  basalts	  for	  CO2	  storage.	  	  
2) Custom	  processing	  of	  Elemental	  Capture	  Spectroscopy	  (ECS)	  logs	  with	  a	  
formation-­‐specific	  oxide	  closure	  model	  provides	  concentrations	  of	  8	  major	  
and	  minor	  elements	  in	  the	  Wallula	  borehole	  (Si,	  Fe,	  Ti,	  Al,	  Ca,	  Mg,	  Na,	  K)	  
matching	  sidewall	  core	  chemistry	  data	  with	  an	  average	  root-­‐mean-­‐square	  
error	  below	  1	  wt%.	  The	  very	  narrow	  chemical	  composition	  of	  the	  Grande	  





chemistry	  hamper	  reliable	  conversion	  of	  chemical	  logs	  into	  mineral	  
concentrations.	  Combined	  with	  a	  lack	  of	  spectral	  sensitivity	  to	  carbon,	  ECS	  
has	  limited	  ability	  to	  detect	  basalt	  carbonation	  in	  freshwater	  reservoirs,	  
unless	  a	  pronounced	  preferential	  release	  and/or	  binding	  of	  a	  specific	  major	  
cation	  is	  induced	  by	  CO2	  injection.	  High-­‐energy	  pulsed	  neutron	  spectroscopy	  
tools	  are	  recommended	  for	  CO2	  sequestration	  monitoring,	  as	  they	  allow	  
measuring	  the	  C/O	  ratio.	  Dual-­‐range	  Fourier-­‐Transform	  Infrared	  
Spectroscopy	  is	  a	  promising	  tool	  for	  determining	  quantitative	  concentration	  
of	  secondary	  carbonate	  minerals	  in	  core	  samples.	  Further	  analysis	  of	  spectral	  
properties	  of	  the	  basalt	  matrix	  and	  constituent	  minerals	  is	  necessary	  for	  full	  
quantitative	  evaluation	  of	  mineralogical	  content	  in	  basaltic	  rocks.	  
3) Preliminary	  analysis	  of	  in	  situ	  stress	  in	  the	  northern	  Newark	  basin	  suggests	  
that	  local	  stress	  perturbation	  may	  potentially	  create	  favorable	  stress	  
conditions	  for	  CO2	  sequestration	  by	  allowing	  a	  considerable	  pore	  pressure	  
increase	  without	  carrying	  large	  risks	  of	  fault	  reactivation.	  The	  magnitude	  of	  
the	  principal	  stresses	  constrained	  by	  the	  observation	  of	  borehole	  breakouts	  
indicates	  a	  reverse-­‐faulting/strike-­‐slip	  regime,	  with	  an	  overall	  pattern	  of	  
stress	  relaxation	  from	  the	  reverse-­‐faulting	  failure	  limit	  with	  depth.	  The	  
shallow	  crust	  at	  the	  locality	  (~500-­‐600	  m	  depth)	  appears	  to	  be	  critically	  
stressed,	  and	  even	  a	  small	  pore	  pressure	  increase	  at	  these	  depths	  presents	  a	  
significant	  risk	  of	  fracture	  reactivation.	  This	  depth	  interval	  should	  be	  avoided	  





10	  MPa	  or	  greater	  increases	  in	  the	  pore	  pressure	  before	  the	  critical	  stress	  
limit	  is	  reached.	  Additional	  in	  situ	  test	  data	  to	  determine	  the	  minimum	  
horizontal	  stress	  and	  geomechanical	  laboratory	  rock	  testing	  are	  needed	  to	  
better	  constrain	  the	  magnitude	  of	  the	  principal	  stresses	  in	  the	  basin.	  
4) Geophysical	  logs	  and	  cores	  collected	  in	  the	  northern	  Newark	  basin	  reveal	  
dense	  fracturing,	  both	  in	  the	  Palisade	  dolerite	  sill	  and	  the	  basin	  sediments,	  
but	  most	  of	  the	  fractures	  do	  not	  augment	  hydraulic	  conductivity	  of	  these	  
formations.	  The	  Palisade	  dolerite	  sill	  appears	  impermeable	  at	  all	  tested	  
depths.	  Permeable	  zones	  in	  the	  sediments	  are	  sparse	  and	  narrow	  (1-­‐3	  m	  
thick),	  with	  transmissivities	  ranging	  from	  10-­‐9	  to	  10-­‐5	  m2/s.	  Some	  but	  not	  all	  
correspond	  to	  distinct	  fractures	  observed	  in	  borehole	  images	  and	  core.	  The	  
sedimentary	  sequence,	  as	  well	  as	  the	  distribution	  of	  transmissive	  zones,	  is	  
different	  in	  the	  two	  boreholes	  located	  only	  215	  m	  apart,	  indicating	  high	  
lateral	  heterogeneity	  of	  the	  formation.	  Overall,	  conductive	  zones	  identified	  in	  
these	  wells	  do	  not	  contain	  sufficient	  porosity	  or	  permeability	  for	  large-­‐scale	  
CO2	  storage,	  but	  they	  provide	  a	  useful	  setting	  for	  small-­‐scale	  controlled	  
injection	  experiments,	  e.g.,	  for	  studying	  CO2	  interactions	  with	  the	  formation	  






Implications	  for	  CO2	  sequestration	  in	  unconventional	  reservoirs	  
5) The	  immobilization	  of	  injected	  CO2	  by	  mineralization	  in	  basaltic	  rocks	  offers	  
a	  critical	  advantage	  over	  sedimentary	  reservoirs	  for	  long-­‐term	  CO2	  storage.	  
Continental	  flood	  basalts,	  such	  as	  the	  Columbia	  River	  Basalt	  Group,	  possess	  a	  
suitable	  structure	  for	  CO2	  storage	  with	  extensive	  reservoirs	  in	  the	  interflow	  
zones	  separated	  by	  massive	  impermeable	  basalt	  in	  flow	  interiors.	  Dozens	  of	  
other	  large	  igneous	  provinces	  exist	  in	  the	  world	  but	  few	  quantitative	  
estimates	  of	  their	  storage	  capacity	  are	  available	  to	  date.	  Preliminary	  
estimates,	  however,	  suggest	  their	  CO2	  storage	  capacity	  may	  approach	  
centuries’	  worth	  of	  the	  world’s	  CO2	  emissions.	  In	  addition,	  vast	  amounts	  of	  
ocean	  floor	  basalt	  can	  be	  utilized	  for	  CO2	  storage,	  if	  carbon	  sequestration	  
bacomes	  commercially	  viable.	  	  
6) Low-­‐volume	  basaltic	  flows	  and	  fractured	  intrusives	  may	  potentially	  serve	  as	  
smaller-­‐scale	  CO2	  storage	  targets.	  The	  example	  of	  the	  Palisade	  sill	  in	  the	  
Newark	  basin	  illustrates	  that	  even	  densely	  fractured	  intrusive	  basalt	  can	  be	  
impermeable	  and	  can	  instead	  serve	  as	  caprock	  for	  underlying	  formations.	  	  
7) The	  risk	  of	  induced	  seismicity	  is	  relevant	  to	  both	  conventional	  and	  
unconventional	  reservoirs	  in	  igneous	  and	  sedimentary	  lithology	  alike,	  but	  it	  
is	  particularly	  acute	  for	  fractured	  and	  moderate	  permeability	  formations.	  
Stress	  perturbations	  at	  depth	  may	  create	  locally	  ‘relaxed’	  stress	  conditions,	  
allowing	  for	  pore	  pressure	  increase	  without	  reaching	  critical	  stress	  limits.	  





constrains	  on	  permissible	  volumes	  of	  CO2	  injections.	  Although	  induced	  
seismicity	  represents	  an	  important	  concern	  for	  large-­‐scale	  CCS,	  engineering	  
solutions	  for	  pressure	  management	  that	  are	  tuned	  to	  site-­‐specific	  conditions	  
and	  water	  demands	  may	  be	  implemented,	  e.g.	  by	  formation	  water	  production	  
and	  utilization.	  	  
8) Hydraulic	  properties	  of	  fractured	  formations	  are	  highly	  site-­‐specific,	  but	  
observations	  and	  theory	  suggest	  that,	  unless	  they	  are	  critically	  stressed,	  the	  
majority	  of	  fractures	  at	  depth	  remain	  closed.	  Tight	  fractured	  formations	  with	  
low	  matrix	  permeability	  are	  unlikely	  to	  provide	  enough	  storage	  capacity	  for	  
substantial	  CO2	  injection	  at	  large	  scales,	  but	  can	  be	  suitable	  for	  small-­‐scale	  
controlled	  experiments	  and	  pilot	  injection	  tests.	  
Recommendations	  for	  site	  characterization	  
9) Due	  to	  high	  heterogeneity,	  complex	  porosity	  structure,	  and	  a	  strong	  
dependence	  on	  the	  scale	  of	  investigation,	  reservoir	  and	  sealing	  properties	  of	  
unconventional	  formations	  may	  be	  hard	  to	  predict.	  Conducting	  field	  
hydraulic	  tests	  in	  unconventional	  reservoirs	  is	  essential	  at	  early	  stages	  of	  
reservoir	  and	  caprock	  characterization,	  as	  they	  allow	  determining	  hydraulic	  
properties	  at	  the	  scale	  adequate	  for	  injection	  and	  under	  in	  situ	  conditions.	  
10) 	  Evaluation	  of	  the	  in	  situ	  stress	  and	  predicting	  critical	  pore	  pressure	  for	  
induced	  seismicity	  should	  be	  a	  routine	  part	  of	  CO2	  storage	  site	  





the	  minimum	  principal	  stress	  (Shmin)	  is	  particularly	  important.	  Only	  when	  
Shmin	  values	  are	  well	  constrained	  can	  further	  analysis	  such	  a	  borehole	  failure	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Appendix	  1.	  Full	  results	  of	  dual-­‐range	  FTIR	  analysis	  
for	  sidewall	  rotary	  cores	  from	  the	  Wallula	  pilot	  borehole	  
	  
The	  table	  below	  lists	  the	  concentration	  of	  all	  standard	  minerals	  in	  the	  FTIR	  
library	  used	  for	  spectra	  inversion	  of	  the	  Wallula	  core	  measurements,	  in	  weight	  
percent.	  Repeated	  measurements	  for	  each	  sample	  also	  reported.	  Samples	  from	  
brecciated	  flow	  tops	  are	  highlighted	  with	  blue	  shading.	  A	  summary	  of	  these	  results	  
is	  described	  in	  Chapter	  2.	  The	  FTIR	  spectroscopy	  measurements	  were	  conducted	  in	  
the	  Mineralogy	  Laboratory	  at	  Schlumberger-­‐Doll	  Research	  (Cambridge,	  MA)	  















Pellet # Sample ID Depth (m) Quartz K-feldspar Na-feldspar Ca-feldspar Calcite 
1 3 333.5 0.0 2.1 12.6 13.3 0.0 
2 3 333.5 0.0 2.2 11.4 11.3 0.0 
3 3 333.5 0.0 1.9 11.0 10.5 0.0 
  3_mean   0.0 2.1 11.7 11.7 0.0 
4 7 315.5 0.0 0.5 8.5 6.7 0.0 
5 7 315.5 0.0 0.0 12.1 13.6 0.6 
6 7 315.5 0.0 0.0 12.8 14.2 0.1 
  7_mean 315.5 0.0 0.2 11.1 11.5 0.3 
7 9 302.7 0.0 4.5 16.7 18.0 0.0 
8 9 302.7 0.0 4.5 16.1 16.0 0.0 
  9_mean   0.0 4.5 16.4 17.0 0.0 
9 12 289.0 0.0 1.0 11.3 6.2 0.0 
10 12 289.0 0.0 2.1 7.5 0.3 0.0 
  12_mean   0.0 1.6 9.4 3.2 0.0 
11 16 271.3 0.0 0.0 8.1 1.3 0.0 
12 16 271.3 0.0 1.3 6.9 0.0 0.0 
13 16 271.3 0.0 1.0 8.7 0.1 0.0 
14 16 271.3 0.0 1.8 7.7 0.0 0.0 
  16_mean   0.0 1.0 7.8 0.3 0.0 
15 18 255.5 0.0 0.6 12.0 18.9 0.0 
16 18 255.5 0.0 0.7 6.9 10.7 0.0 
17 18 255.5 0.0 0.6 11.5 18.4 0.0 
18 18 255.5 0.0 1.7 12.2 20.6 0.0 
  18_mean   0.0 0.9 10.7 17.1 0.0 
19 19 249.7 0.0 2.1 16.0 12.3 0.0 
20 19 249.7 0.0 2.5 15.2 10.6 0.0 
21 19 249.7 0.0 2.2 9.4 2.0 0.0 
  19_mean   0.0 2.2 13.5 8.3 0.0 
22 21 236.0 0.0 2.1 4.3 0.0 0.0 
23 21 236.0 0.0 1.5 8.1 1.9 0.0 
24 21 236.0 0.0 1.6 4.5 0.0 0.0 
  21_mean   0.0 1.7 5.6 0.6 0.0 
25 22 223.9 0.0 1.4 15.8 16.7 0.0 
26 22 223.9 0.0 1.7 15.5 15.7 0.0 
  22_mean   0.0 1.5 15.7 16.2 0.0 
27 25 207.2 0.0 2.6 14.7 8.8 0.0 
28 25 207.2 0.0 2.1 12.4 5.4 0.0 
29 25 207.2 0.0 1.6 15.4 12.5 0.0 
  25_mean   0.0 2.1 14.2 8.9 0.0 
30 28 180.2 0.0 5.1 7.5 15.4 1.4 
31 28 180.2 0.0 5.2 7.3 16.5 1.4 
  28_mean   0.0 5.1 7.4 16.0 1.4 
32 30 158.1 0.0 4.4 14.5 8.3 0.0 
33 30 158.1 0.0 4.1 15.7 9.2 0.0 
34 30 158.1 0.0 3.4 15.1 10.3 0.0 







Sample ID Dolomite Ankerite Aragonite Siderite P-Siderite Magnesite High-Mg Calcite 
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7 0.3 0.0 0.0 0.0 0.0 0.0 0.0 
7 0.3 0.0 0.0 0.0 0.0 0.0 0.0 
7_mean 0.2 0.0 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.8 0.0 
16 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16_mean 0.0 0.0 0.0 0.0 0.0 0.6 0.0 
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 0.0 0.0 0.0 0.0 0.0 0.6 0.0 
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19_mean 0.0 0.0 0.0 0.0 0.0 0.2 0.0 
21 0.0 0.0 0.0 0.0 0.0 0.2 0.0 
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21_mean 0.0 0.0 0.0 0.0 0.0 0.1 0.0 
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 0.0 0.0 0.0 0.0 0.0 0.6 0.0 







Sample ID Illite Smectite Kaolinite Chlorite Glauconite Muscovite Biotite 
3 7.5 1.3 0.0 0.0 3.6 0.0 0.0 
3 7.2 0.8 0.0 0.0 2.9 0.0 0.0 
3 6.0 1.3 0.0 0.0 6.3 0.0 0.0 
3_mean 6.9 1.2 0.0 0.0 4.2 0.0 0.0 
7 4.8 0.0 0.0 0.0 4.2 0.0 0.0 
7 2.1 0.0 0.0 2.9 8.9 0.0 0.0 
7 1.3 0.0 0.0 2.9 9.3 0.0 0.0 
7_mean 2.7 0.0 0.0 1.9 7.5 0.0 0.0 
9 0.0 2.5 0.0 0.0 22.7 1.6 2.8 
9 0.0 1.6 0.0 0.0 19.7 2.2 4.9 
9_mean 0.0 2.1 0.0 0.0 21.2 1.9 3.8 
12 3.3 0.0 0.0 0.0 4.7 0.0 0.0 
12 4.2 0.0 0.0 0.0 0.0 0.0 0.0 
12_mean 3.7 0.0 0.0 0.0 2.4 0.0 0.0 
16 2.2 0.0 0.0 0.0 5.3 0.0 0.0 
16 3.3 0.0 0.0 0.0 3.4 0.0 0.0 
16 2.1 0.0 0.0 0.0 3.2 0.0 0.0 
16 1.9 0.0 0.0 0.0 2.4 0.0 0.0 
16_mean 2.4 0.0 0.0 0.0 3.6 0.0 0.0 
18 6.2 4.6 0.0 0.0 7.3 3.7 5.4 
18 6.1 5.7 0.0 0.0 3.7 1.4 4.4 
18 5.7 5.3 0.0 0.0 7.9 3.0 5.5 
18 5.1 4.4 0.0 0.0 9.3 4.5 5.5 
18_mean 5.8 5.0 0.0 0.0 7.1 3.2 5.2 
19 4.4 0.0 0.0 0.0 8.2 0.0 0.0 
19 5.2 0.0 0.0 0.0 6.4 0.0 0.0 
19 3.6 0.0 0.0 0.0 0.3 0.0 0.0 
19_mean 4.4 0.0 0.0 0.0 4.9 0.0 0.0 
21 1.2 0.0 0.0 0.0 0.0 0.0 0.0 
21 0.2 0.0 0.0 0.0 0.0 0.0 0.0 
21 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
21_mean 0.5 0.0 0.0 0.0 0.0 0.0 0.0 
22 1.2 0.0 0.0 0.1 17.2 0.0 0.0 
22 1.5 1.0 0.0 0.0 15.6 0.0 0.0 
22_mean 1.4 0.5 0.0 0.1 16.4 0.0 0.0 
25 3.3 0.0 0.0 0.0 4.8 0.0 0.0 
25 1.7 0.0 0.0 0.0 4.4 0.0 0.0 
25 3.1 0.0 0.0 0.0 7.2 0.0 0.0 
25_mean 2.7 0.0 0.0 0.0 5.5 0.0 0.0 
28 0.0 8.9 0.0 5.8 7.9 0.0 22.1 
28 0.0 10.2 0.0 2.8 11.3 0.0 22.2 
28_mean 0.0 9.5 0.0 4.3 9.6 0.0 22.2 
30 3.6 0.0 0.0 0.0 6.3 0.0 0.0 
30 2.5 0.0 0.0 0.0 7.9 0.0 0.0 
30 3.9 0.0 0.0 0.0 10.8 0.0 0.0 










Sample ID Pyrite Opal-A Gypsum Anhydrite Barite Hematite NaCarb Chert 
3 0.0 0.0 0.0 0.0 3.9 0.0 0.0 0.0 
3 0.0 0.0 0.0 0.3 3.5 0.0 0.0 0.0 
3 0.0 0.0 0.0 0.6 3.8 0.0 0.0 0.0 
3_mean 0.0 0.0 0.0 0.3 3.8 0.0 0.0 0.0 
7 0.0 0.0 0.1 0.5 3.4 0.0 0.0 0.0 
7 0.0 0.0 0.2 1.0 2.1 0.0 0.0 0.0 
7 0.0 0.0 0.2 0.9 2.4 0.0 0.0 0.0 
7_mean 0.0 0.0 0.2 0.8 2.7 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 
9_mean 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 
12 0.0 0.0 0.0 0.0 4.6 0.0 0.0 0.0 
12 0.0 0.0 0.3 0.0 4.2 0.0 0.0 0.0 
12_mean 0.0 0.0 0.1 0.0 4.4 0.0 0.0 0.0 
16 0.0 0.0 1.2 0.4 5.7 0.0 0.0 0.0 
16 0.0 0.0 1.0 0.0 3.7 0.0 0.0 0.0 
16 0.0 0.0 0.9 0.0 4.3 0.0 0.0 0.0 
16 0.0 0.0 0.9 0.0 4.0 0.0 0.0 0.0 
16_mean 0.0 0.0 1.0 0.1 4.4 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 2.8 0.0 0.0 0.0 
18 0.0 0.0 0.0 0.0 3.7 0.0 0.0 0.0 
18_mean 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 
19 0.0 0.0 0.0 0.0 5.0 0.0 0.0 0.0 
19 0.0 0.0 0.0 0.0 4.9 0.0 0.0 0.0 
19 0.0 0.0 0.0 0.0 4.7 0.0 0.0 0.0 
19_mean 0.0 0.0 0.0 0.0 4.9 0.0 0.0 0.0 
21 0.0 0.0 0.0 0.4 2.7 0.0 0.0 0.0 
21 0.0 0.0 0.1 0.0 4.0 0.0 0.0 0.0 
21 0.0 0.0 0.0 0.3 4.0 0.0 0.0 0.0 
21_mean 0.0 0.0 0.0 0.2 3.6 0.0 0.0 0.0 
22 0.0 0.0 0.5 0.8 4.0 0.0 0.0 0.0 
22 0.0 0.0 0.3 0.9 3.8 0.0 0.0 0.0 
22_mean 0.0 0.0 0.4 0.9 3.9 0.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 4.9 0.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 4.4 0.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 4.7 0.0 0.0 0.0 
25_mean 0.0 0.0 0.0 0.0 4.7 0.0 0.0 0.0 
28 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 
28 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 
28_mean 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 
30 0.0 0.0 0.0 0.0 5.2 0.0 0.0 0.0 
30 0.0 0.0 0.0 0.0 4.4 0.0 0.0 0.0 
30 0.0 0.0 0.0 0.0 5.5 0.0 0.0 0.0 










Sample ID Celestite Opal-CT Strontianite Apatite Clinoptilolite Analcime Dawsonite 
3 0.0 0.0 0.0 2.6 0.0 3.4 0.0 
3 0.0 0.0 0.0 3.9 0.0 4.2 0.0 
3 0.0 0.0 0.0 4.1 0.0 1.8 0.0 
3_mean 0.0 0.0 0.0 3.6 0.0 3.2 0.0 
7 0.0 2.5 0.0 2.4 4.6 4.8 0.0 
7 0.8 3.1 0.0 3.0 3.4 2.6 0.0 
7 0.5 3.3 0.0 3.3 2.9 2.7 0.0 
7_mean 0.4 3.0 0.0 2.9 3.6 3.4 0.0 
9 0.0 0.0 0.0 3.7 0.0 0.0 0.0 
9 0.0 0.0 0.0 4.7 0.0 0.0 0.0 
9_mean 0.0 0.0 0.0 4.2 0.0 0.0 0.0 
12 0.0 1.0 0.0 4.2 0.0 1.6 0.0 
12 0.0 1.0 0.0 4.3 0.0 3.4 0.0 
12_mean 0.0 1.0 0.0 4.3 0.0 2.5 0.0 
16 0.0 1.7 0.0 4.3 1.9 0.0 0.0 
16 0.0 2.4 0.0 3.8 3.2 0.0 0.0 
16 0.0 1.8 0.0 3.1 4.8 0.0 0.0 
16 0.0 2.0 0.0 3.2 4.1 0.5 0.0 
16_mean 0.0 2.0 0.0 3.6 3.5 0.1 0.0 
18 0.0 0.0 0.0 2.7 0.0 0.0 0.0 
18 0.0 0.0 0.0 1.4 0.0 1.2 0.0 
18 0.0 0.0 0.0 2.1 0.0 0.0 0.0 
18 0.0 0.0 0.0 3.1 0.0 0.0 0.0 
18_mean 0.0 0.0 0.0 2.3 0.0 0.3 0.0 
19 0.0 2.3 0.0 3.8 0.0 0.6 0.0 
19 0.0 3.0 0.0 4.4 0.0 2.1 0.0 
19 0.0 2.2 0.0 3.4 0.0 2.8 0.0 
19_mean 0.0 2.5 0.0 3.9 0.0 1.8 0.0 
21 0.0 1.3 0.0 4.8 3.7 0.0 0.0 
21 0.0 0.3 0.0 3.8 5.5 0.0 0.0 
21 0.0 0.6 0.0 4.5 0.0 0.0 0.0 
21_mean 0.0 0.8 0.0 4.4 3.1 0.0 0.0 
22 0.2 4.0 0.0 2.5 1.8 0.3 0.0 
22 0.5 4.7 0.0 2.5 1.6 1.7 0.0 
22_mean 0.3 4.3 0.0 2.5 1.7 1.0 0.0 
25 0.0 3.5 0.0 4.0 0.0 1.2 0.0 
25 0.0 3.1 0.0 3.9 0.0 0.1 0.0 
25 0.0 2.4 0.0 2.4 0.0 0.0 0.0 
25_mean 0.0 3.0 0.0 3.4 0.0 0.4 0.0 
28 0.0 0.0 0.0 2.7 2.4 0.5 0.3 
28 0.0 0.0 0.0 1.8 2.9 2.3 0.0 
28_mean 0.0 0.0 0.0 2.2 2.6 1.4 0.2 
30 0.0 4.9 0.0 3.7 0.0 5.6 0.0 
30 0.0 5.0 0.0 3.9 0.0 4.2 0.0 
30 0.0 3.7 0.0 4.5 0.0 0.0 0.0 










Sample ID Nahcolite Kerogen Halite Trona Buddingtonite Hornblende Augite 
3 0.0 0.0 0.0 0.0 4.5 0.0 2.5 
3 0.0 0.0 0.0 0.0 2.7 0.0 4.7 
3 0.0 0.0 0.0 0.0 4.8 0.0 3.3 
3_mean 0.0 0.0 0.0 0.0 4.0 0.0 3.5 
7 0.0 0.0 0.0 0.0 10.7 0.0 7.9 
7 0.0 0.0 0.0 0.0 12.0 0.0 9.7 
7 0.0 0.0 0.0 0.0 11.8 0.0 10.2 
7_mean 0.0 0.0 0.0 0.0 11.5 0.0 9.3 
9 0.0 0.0 0.0 0.0 4.6 0.0 0.0 
9 0.0 0.0 0.0 0.0 4.0 0.0 0.0 
9_mean 0.0 0.0 0.0 0.0 4.3 0.0 0.0 
12 0.0 0.0 0.0 0.0 7.0 0.0 3.6 
12 0.0 0.0 0.0 0.0 3.9 0.0 3.1 
12_mean 0.0 0.0 0.0 0.0 5.4 0.0 3.3 
16 0.0 0.0 0.0 0.0 12.5 0.0 4.6 
16 0.0 0.0 0.0 0.0 9.8 0.0 4.4 
16 0.0 0.0 0.0 0.0 10.1 0.0 4.8 
16 0.0 0.0 0.0 0.0 10.1 0.0 6.5 
16_mean 0.0 0.0 0.0 0.0 10.6 0.0 5.1 
18 0.0 0.0 0.0 0.0 4.1 0.0 1.5 
18 0.0 0.0 0.0 0.0 4.9 0.0 1.5 
18 0.0 0.0 0.0 0.0 4.6 0.0 1.4 
18 0.0 0.0 0.0 0.0 2.3 0.0 2.2 
18_mean 0.0 0.0 0.0 0.0 4.0 0.0 1.7 
19 0.0 0.0 0.0 0.0 3.3 0.0 4.1 
19 0.0 0.0 0.0 0.0 1.3 0.0 3.2 
19 0.0 0.0 0.0 0.0 5.3 0.0 4.8 
19_mean 0.0 0.0 0.0 0.0 3.3 0.0 4.0 
21 0.0 0.0 0.0 0.0 4.4 0.0 7.4 
21 0.0 0.0 0.0 0.0 5.5 0.0 7.8 
21 0.0 0.0 0.0 0.0 5.8 0.0 8.5 
21_mean 0.0 0.0 0.0 0.0 5.2 0.0 7.9 
22 0.0 0.0 0.0 0.0 17.1 0.0 0.0 
22 0.0 0.0 0.0 0.0 14.8 0.0 0.0 
22_mean 0.0 0.0 0.0 0.0 16.0 0.0 0.0 
25 0.0 0.0 0.0 0.0 2.7 0.0 0.6 
25 0.0 0.0 0.0 0.0 4.5 0.0 2.5 
25 0.0 0.0 0.0 0.0 6.0 0.0 2.4 
25_mean 0.0 0.0 0.0 0.0 4.4 0.0 1.8 
28 0.0 0.0 0.0 0.0 14.0 0.0 0.0 
28 0.0 0.0 0.0 0.0 12.2 0.0 0.0 
28_mean 0.0 0.0 0.0 0.0 13.1 0.0 0.0 
30 0.0 0.0 0.0 0.0 3.1 0.0 0.0 
30 0.0 0.0 0.0 0.0 3.4 0.0 0.0 
30 0.0 0.0 0.0 0.0 5.0 0.0 0.0 















augite Hedenbergite Anatase Forsterite 
3 0.0 0.0 0.0 9.9 0.0 0.0 1.6 
3 0.0 0.0 0.0 14.7 0.0 0.0 1.6 
3 0.0 0.0 0.0 14.8 0.0 0.0 1.7 
3_mean 0.0 0.0 0.0 13.2 0.0 0.0 1.6 
7 0.0 0.0 0.0 25.4 0.0 0.0 0.4 
7 0.0 0.0 0.0 7.6 0.0 0.0 0.0 
7 0.0 0.0 0.0 6.6 0.0 0.0 0.0 
7_mean 0.0 0.0 0.0 13.2 0.0 0.0 0.1 
9 0.0 0.0 1.6 5.2 0.0 0.6 0.0 
9 0.0 0.0 1.5 7.9 0.0 0.0 0.0 
9_mean 0.0 0.0 1.5 6.5 0.0 0.3 0.0 
12 0.0 0.0 0.0 26.3 0.0 0.0 1.1 
12 0.0 0.0 0.0 39.9 0.0 0.0 1.3 
12_mean 0.0 0.0 0.0 33.1 0.0 0.0 1.2 
16 0.0 0.0 0.0 37.6 0.0 1.3 0.0 
16 0.0 0.0 0.0 45.0 0.4 1.2 0.5 
16 0.0 0.0 0.0 42.5 0.2 1.1 0.2 
16 0.0 0.0 0.0 46.4 0.4 0.0 0.0 
16_mean 0.0 0.0 0.0 42.9 0.2 0.9 0.2 
18 0.0 0.0 3.1 6.8 0.0 1.2 1.1 
18 0.0 0.0 0.0 33.0 0.3 0.3 0.9 
18 0.0 0.0 1.0 10.4 0.0 0.5 0.9 
18 0.0 0.0 2.1 2.8 0.0 1.2 1.4 
18_mean 0.0 0.0 1.6 13.3 0.1 0.8 1.1 
19 0.0 0.0 0.0 18.7 0.0 0.0 1.4 
19 0.0 0.0 0.0 22.3 0.0 0.0 2.2 
19 0.0 0.0 0.0 44.4 0.0 0.0 1.6 
19_mean 0.0 0.0 0.0 28.5 0.0 0.0 1.7 
21 0.0 0.0 0.0 53.1 0.0 0.0 1.4 
21 0.0 0.0 0.0 43.9 0.0 0.0 0.3 
21 0.0 0.0 0.0 51.1 0.0 0.0 0.7 
21_mean 0.0 0.0 0.0 49.4 0.0 0.0 0.8 
22 0.0 0.0 0.0 1.1 0.0 0.5 0.0 
22 0.0 0.0 0.0 4.6 0.0 0.0 0.0 
22_mean 0.0 0.0 0.0 2.8 0.0 0.2 0.0 
25 0.0 0.0 0.0 27.7 0.0 0.0 2.3 
25 0.0 0.0 0.0 37.0 0.0 0.0 1.8 
25 0.0 0.0 0.0 21.2 0.0 0.0 1.2 
25_mean 0.0 0.0 0.0 28.6 0.0 0.0 1.8 
28 0.0 0.0 2.1 0.0 0.0 0.8 0.0 
28 0.0 0.0 1.3 0.0 0.0 0.4 0.0 
28_mean 0.0 0.0 1.7 0.0 0.0 0.6 0.0 
30 0.0 0.0 0.0 21.0 0.0 0.0 1.7 
30 0.0 0.0 0.0 19.3 0.0 0.0 1.8 
30 0.0 0.0 0.0 18.3 0.0 0.0 1.1 









Sample ID Fayalite 
Magne-
tite Pyrrhotite Goethite Dickite 
Cristoba-
lite Almandine  
3 0.0 0.0 0.0 0.0 0.0 11.5 5.0 
3 0.0 0.0 0.0 0.0 0.0 12.1 3.8 
3 0.0 0.0 0.0 0.0 0.0 10.0 4.0 
3_mean 0.0 0.0 0.0 0.0 0.0 11.2 4.3 
7 0.0 0.0 0.0 0.0 0.0 1.4 5.0 
7 0.0 0.0 0.0 0.0 0.0 0.0 3.4 
7 0.0 0.0 0.0 0.0 0.0 0.0 3.3 
7_mean 0.0 0.0 0.0 0.0 0.0 0.5 3.9 
9 0.0 0.0 0.0 0.0 0.0 0.0 3.3 
9 0.0 0.0 0.0 0.0 0.0 0.0 2.9 
9_mean 0.0 0.0 0.0 0.0 0.0 0.0 3.1 
12 0.0 0.0 0.0 0.0 0.0 9.6 5.1 
12 0.0 0.0 0.0 0.0 0.0 11.6 5.1 
12_mean 0.0 0.0 0.0 0.0 0.0 10.6 5.1 
16 0.0 0.0 0.0 0.0 0.0 0.0 4.8 
16 0.0 0.0 0.0 0.5 0.0 0.0 4.5 
16 0.0 0.0 0.0 0.0 0.0 0.0 5.4 
16 0.0 0.0 0.0 0.0 0.0 0.0 4.3 
16_mean 0.0 0.0 0.0 0.1 0.0 0.0 4.8 
18 0.0 0.0 0.0 0.0 0.0 0.0 7.4 
18 0.0 0.0 0.0 0.0 0.0 0.0 7.9 
18 0.0 0.0 0.0 0.0 0.0 0.0 8.0 
18 0.0 0.0 0.0 0.0 0.0 0.0 7.1 
18_mean 0.0 0.0 0.0 0.0 0.0 0.0 7.6 
19 0.0 0.0 0.0 0.0 0.0 0.0 6.9 
19 0.0 0.0 0.0 0.0 0.0 0.0 6.9 
19 0.0 0.0 0.0 0.0 0.0 0.0 6.3 
19_mean 0.0 0.0 0.0 0.0 0.0 0.0 6.7 
21 1.0 0.0 0.0 0.0 0.0 8.5 1.8 
21 0.0 0.0 0.0 0.0 0.0 8.0 3.9 
21 0.0 0.0 0.0 0.0 0.0 12.7 2.5 
21_mean 0.3 0.0 0.0 0.0 0.0 9.7 2.7 
22 0.0 0.0 0.0 0.0 0.0 0.0 3.2 
22 0.0 0.0 0.0 0.0 0.0 0.0 3.4 
22_mean 0.0 0.0 0.0 0.0 0.0 0.0 3.3 
25 0.0 0.0 0.0 0.0 0.0 0.0 7.4 
25 0.0 0.0 0.0 0.0 0.0 0.0 6.7 
25 0.0 0.0 0.0 0.0 0.0 0.0 7.8 
25_mean 0.0 0.0 0.0 0.0 0.0 0.0 7.3 
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
28_mean 0.0 0.0 0.0 0.0 0.0 0.0 0.2 
30 0.0 0.0 0.0 0.0 0.0 0.0 7.4 
30 0.0 0.0 0.0 0.0 0.0 0.0 7.2 
30 0.0 0.0 0.0 0.0 0.0 0.0 6.3 









Sample ID Grossular  Enstatite Hypersthene Total RMS 
3 0.0 14.7 0.0 96.3 0.4 
3 0.0 12.5 0.0 93.0 0.4 
3 0.0 11.0 3.0 92.3 0.4 
3_mean 0.0 12.7 1.0 93.9 0.4 
7 0.0 6.3 0.0 91.7 0.4 
7 0.0 10.8 0.0 103.8 0.4 
7 0.0 11.0 0.0 100.2 0.4 
7_mean 0.0 9.4 0.0 98.6 0.4 
9 0.0 11.2 0.0 98.6 0.5 
9 0.0 12.3 0.0 101.5 0.5 
9_mean 0.0 11.8 0.0 100.0 0.5 
12 0.0 9.3 0.0 95.7 0.4 
12 0.0 7.9 0.0 94.5 0.4 
12_mean 0.0 8.6 0.0 95.1 0.4 
16 0.0 3.9 2.5 93.5 0.3 
16 0.0 3.8 0.0 93.5 0.3 
16 0.0 5.0 0.0 93.5 0.3 
16 0.0 3.9 0.0 95.3 0.4 
16_mean 0.0 4.1 0.6 93.9 0.3 
18 0.0 10.2 0.0 98.8 0.5 
18 0.5 6.2 0.0 96.1 0.4 
18 0.0 10.1 0.0 96.2 0.5 
18 0.0 10.8 0.0 98.3 0.5 
18_mean 0.1 9.3 0.0 97.3 0.5 
19 0.0 10.3 0.0 95.0 0.5 
19 0.0 9.9 0.0 92.8 0.5 
19 0.0 6.9 0.0 89.3 0.4 
19_mean 0.0 9.0 0.0 92.4 0.5 
21 0.0 1.9 0.0 93.7 0.3 
21 0.0 5.1 0.0 96.8 0.3 
21 0.0 3.0 0.0 95.5 0.3 
21_mean 0.0 3.3 0.0 95.3 0.3 
22 0.0 6.0 5.4 99.8 0.4 
22 0.0 7.8 2.5 97.2 0.4 
22_mean 0.0 6.9 3.9 98.5 0.4 
25 0.0 11.6 0.0 95.1 0.6 
25 0.0 9.9 0.0 96.7 0.5 
25 0.0 12.2 0.0 94.6 0.6 
25_mean 0.0 11.3 0.0 95.5 0.6 
28 0.0 1.3 0.0 98.5 0.5 
28 0.0 0.2 0.0 95.5 0.5 
28_mean 0.0 0.8 0.0 97.0 0.5 
30 0.0 10.4 0.0 93.3 0.6 
30 0.0 11.4 0.0 94.5 0.6 
30 0.0 11.4 0.0 96.8 0.6 







Appendix	  2.	  Chemical	  composition	  of	  select	  FTIR	  
mineral	  standards	  
	  
The	  table	  lists	  measured	  chemical	  composition	  for	  select	  standard	  minerals	  
in	  the	  FTIR	  library.	  Only	  major	  elements	  discussed	  in	  Chapter	  2	  are	  reported,	  and	  
only	  for	  the	  minerals	  that	  were	  identified	  in	  the	  Wallula	  sidewall	  cores	  by	  the	  FTIR	  
spectra	  inversion	  (non-­‐zero	  concentration).	  Elemental	  composition	  is	  reported	  in	  


















  Si Al Na K Ca Mg S Fe 
K-feldspar 30.27 9.69 0.00 14.05 0.00 0.00 0.00 0.00 
Na-feldspar 32.13 10.29 8.77 0.00 0.00 0.00 0.00 0.00 
Ca-feldspar 20.19 19.40 0.00 0.00 14.41 0.00 0.00 0.00 
Calcite 0.00 0.00 0.00 0.00 39.54 0.37 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 21.27 12.90 0.00 0.00 
Magnesite 0.00 0.00 0.00 0.00 0.00 28.80 0.00 0.00 
Illite 24.00 12.00 0.40 4.00 0.00 1.20 0.00 4.00 
Smectite 21.00 9.00 0.50 0.50 0.20 2.00 0.00 1.00 
Chlorite 17.90 9.00 0.30 0.90 1.60 2.50 0.00 16.40 
Glauconite 23.10 4.40 0.10 5.90 0.50 2.10 0.00 15.50 
Muscovite 20.32 20.32 0.00 9.82 0.00 0.00 0.00 0.00 
Biotite 18.20 6.00 0.40 7.20 0.20 7.70 0.00 13.60 
Opal-CT 29.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gypsum 0.00 0.00 0.00 0.00 23.28 0.00 19.00 0.00 
Anhydrite 0.00 0.00 0.00 0.00 29.44 0.00 24.00 0.00 
Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Analcime 24.96 12.49 10.76 0.15 0.03 0.00 0.00 0.06 
Augite 20.94 4.50 0.49 0.06 15.65 6.91 0.00 6.41 
Low-Ca augite 21.83 9.80 1.94 0.26 5.29 2.79 0.00 11.40 
Apatite 0.25 0.04 0.36 0.00 36.52 0.04 0.00 0.14 
Clinoptilolite 33.93 5.88 0.92 4.15 0.76 0.16 0.00 1.34 
Buddingtonite 31.64 9.58 0.06 0.07 0.75 0.23 0.00 2.19 
Vermiculite 10.00 2.26 0.01 0.05 6.35 18.52 0.00 0.39 
Hedenbergite 24.73 0.40 0.13 0.02 15.15 5.41 0.00 9.93 
Anatase 0.95 0.41 0.04 0.04 0.24 0.16 0.00 0.66 
Forsterite 21.83 0.52 0.12 0.05 0.75 24.91 0.00 6.56 
Fayalite 13.74 0.07 0.04 0.02 0.19 0.34 0.00 48.96 
Cristobalite 35.57 6.56 2.98 3.53 0.34 0.02 0.00 0.76 
Almandine 18.46 11.43 0.11 0.05 3.24 6.27 0.00 17.07 
Grossular 18.70 9.69 0.03 0.05 25.23 1.02 0.00 2.74 
Enstatite 26.31 0.13 0.03 0.01 0.25 19.84 0.00 7.27 
Hypersthene 24.16 2.49 0.07 0.00 1.32 16.16 0.00 10.49 
	  
